
	 1	

 Influence of Route of Administration and Lipidation of Apolipoprotein A-I Peptide on 

Pharmacokinetics and Cholesterol Mobilization  

 

Jie Tang1, Dan Li1, Lindsey Drake2, Wenmin Yuan1, Sara Deschaine1, Emily E. Morin1, Rose 

Ackermann1, Karl Olsen1, David E. Smith1, Anna Schwendeman1,3,* 

 

1Department of Pharmaceutical Sciences, College of Pharmacy, University of Michigan, 428 

Church Street, Ann Arbor, MI 48109  

2Department of Medicinal Chemistry, College of Pharmacy, University of Michigan, 428 Church 

Street, Ann Arbor, MI 48109 

3Biointerfaces Institute, University of Michigan, NCRC, 2800 Plymouth Road, Ann Arbor, MI 

48109 

 

*Corresponding author 

E-mail address: annaschw@med.umich.edu 

Phone: +1 734 763 4056 

Fax: +1 734 615 6162 

 

Running title: ApoA-I peptide lipidation/administration route affect PK-PD 

 

 

 

 

 

 

 

 by guest, on N
ovem

ber 29, 2016
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


	 2	

Abbreviations: ApoA-I, apoliprotein A-I; IV, intravenous; IP, intra-peritoneal; 22A/ESP24218, 

apoA-I mimetic peptide consisting of 22 amino acids–PVLDLFRELLNELLEALKQKLK; 5A, 

apoA-I mimetic peptide consisting of 37 amino acids–

DWLKAFYDKVAEKLKEAFPDWAKAAYDKAAEKAKEAA; 22A-sHDL, phospholipid 

reconstituted HDL based on 22A; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; HDL-C, 

HDL cholesterol; PK, Pharmacokinetic; PD, pharmacodynamic; GPC, gel permeation 

chromatography; DLS, dynamic light scattering; IS, internal standard; EIC, extracted ion 

chromatogram; TIC, total ion chromatogram; PL, phospholipids; TC, total cholesterol; FC, 

unesterified or free cholesterol; CE, cholesterol ester; RCT, reverse cholesterol transport.  

 

 

 

 

 

 

 

 

  

 by guest, on N
ovem

ber 29, 2016
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


	 3	

Abstract 

    Apoliprotein A-I (apoA-I), apoA-I mimetic peptides and their lipid complexes or reconstituted 

high-density lipoprotein (HDL) have been studied as treatments for various pathologies. However, 

consensus is lacking about the best method for administration - by intravenous (IV) or intra-

peritoneal (IP) routes, and formulation - as an HDL particle or in a lipid-free form. The objective 

of this study was to systematically examine peptide plasma levels, cholesterol mobilization and 

lipoprotein remodeling in vivo following administration of lipid-free apoA-I peptide (22A) or 

phospholipid reconstituted 22A-sHDL by IV and IP routes. The mean circulation half-life was 

longer for 22A-sHDL (T1/2 = 6.27 h) than for free 22A (T1/2 = 3.81 h). The percent of 22A 

absorbed by the vascular compartment after the IP dosing was ~50% for both 22A and 22A-

sHDL. The strongest pharmacologic response came from IV injection of 22A-sHDL - specifically 

a 5.3-fold transient increase in plasma free cholesterol (FC) level compared to 1.3 and 1.8-fold 

FC increases for 22A-IV and 22A-sHDL-IP groups. Addition of either 22A or 22A-sHDL to rat 

plasma caused lipoprotein remodeling and appearance of a lipid poor apoA-I. Hence, both the 

route of administration and the formulation of apoA-I peptide significantly affect its 

pharmacokinetics and pharmacodynamics.  
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Introduction 

    The therapeutic use of apolipoprotein A-I (apoA-I), its mutants, and peptide mimetics for the 

treatment of atherosclerosis has been studied in a variety of animal models and clinical trials (1, 

2).  However, there is a lack of consensus regarding whether the apoA-I protein or peptide should 

be administered in a lipid-free form or bound to phospholipids as a reconstituted HDL particle. 

Early clinical trials showed that infusion of lipid-free apoA-I failed to increase circulation level of 

HDL cholesterol (HDL-C) and resulted in shorter circulation time than that for endogenous 

apoA-I (3). Consequently, the majority of clinically developed apoA-I products have been 

administered as reconstituted HDL particles: apoA-I/soybean phosphatidylcholine (CSL-111 and 

CSL-112), apoA-I-Milano/palmitoyl-oleoyl-phosphotidylcholine (ETC-216), and apoA-

I/sphingomyelin/dipalmitoyl-phosphorylglycerol (CER-001) (2, 4, 5).  In contrast, many 

preclinical studies have been performed using infusions of lipid-free proteins, and apoA-I 

peptides have been optimized for their pharmacological activity in lipid-free form (6).  

There is also an uncertainty concerning the mechanism(s) by which reconstituted HDL 

infusions elicit pharmacological effects and whether such mechanism(s) differ(s) from that used 

by lipid-free apoA-I. The ability of lipid-free apoA-I to efflux lipids through interaction with the 

ATP-binding cassette transporter (ABCA1) and its capacity to form de novo functional pre-β 

HDL particles are considered to be critical for cholesterol efflux in vivo (7, 8). However, infused 

apoA-I peptides or proteins do not remain in the lipid-free form. Rather, they bind and remodel 

endogenous HDL, improving its functionality and thereby eliciting a pharmacological effect (9, 

10). In contrast, when apoA-I is dosed in the form of an HDL particle, the magnitude of its 

pharmacological effect, measured by the degree of cholesterol mobilization from tissues to 

plasma, depends on the HDL’s phospholipid composition (11, 12).  

In a similar fashion, there is a lack of consensus surrounding the optimal route of 

administration for apoA-I and its mimetic peptides. For long term dosing in rodents, 
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intraperitoneal (IP) administration is preferred for a technical reason, namely the difficulty of 

repeated dosing in the tail vein (13). However, in many acute studies, apoA-I and HDL are 

administered intravenously (IV) specifically because these compounds act in the vascular 

compartment through either remodeling endogenous lipoproteins or direct efflux of the excess of 

cholesterol from foam cells in atheroma (14, 15).  The effective dose of apoA-I or reconstituted 

HDL that reaches circulation is likely lower following IP administration in comparison to IV 

administration due to loss occurring during absorption from tissue to the vascular compartment. 

Yet, the fraction of apoA-I or HDL that is actually capable of reaching the vasculature following 

IP dose has not been experimentally determined yet.  

With growing interest around the potential therapeutic roles of administered  reconstituted 

HDL and apoA-I in the treatment of sepsis, diabetes, rheumatoid arthritis, lupus, and other 

diseases (11, 16, 17), it is important to develop a basic understanding of HDL/apoA-I 

pharmacokinetics in order to select the proper dose, dosing intervals, and route of administration. 

In addition, the ability to measure basic HDL-related biomarkers of pharmacological effect in 

order to understand how these biomarkers relate to the dose, dosing interval, and administration 

route is important. Having this information at hand will allow investigators to select 

pharmacologically relevant doses and avoid obtaining false negative results. Pharmacokinetic-

pharmacodynamic (PK/PD) modeling is a scientific tool to relate PK models (describing the 

relationship between dose, systemic drug exposure and time) to PD models (describing the 

mathematical relationship between exposure level and the pharmacological effect) (18). By 

establishing PK/PD modeling, the relationship between the PK and PD profile can be quantified, 

providing an assessment of effect onset/duration relative to the plasma PK profile (19). 

In this study, we selected a “two by two” experimental design to compare the administration of 

apoA-I peptide and apoA-I peptide reconstituted HDL following IV and IP administrations in 

normal adult male rats. We selected the synthetic peptide 22A, or ESP24218, as a model apoA-I 

mimetic peptide. This peptide was the first apoA-I mimetic peptide to reach clinical development, 
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which has been administered clinically in both single and multiple-dose trials, and its human 

pharmacokinetic data is available (20, 21). We determined peptide and phospholipid 

pharmacokinetics and measured cholesterol mobilization in plasma, distribution of mobilized 

cholesterol among HDL, low-density lipoprotein (LDL), and very-low-density lipoprotein 

(VLDL) particles, plasma efflux capacity, and lipoprotein remodeling following free 22A and 

22A reconstituted HDL dosing.  
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2. Materials and Methods  

 

2.1 Materials 

    ApoA-I mimetic peptides 22A, PVLDLFRELLNELLEALKQKLK, and 5A, 

DWLKAFYDKVAEKLKEAFPDWAKAAYDKAAEKAKEAA, were synthesized by Genscript 

Inc. (Piscataway, NJ). The purities of peptides were determined to be over 95% by reserve phase 

HPLC. Phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were generously donated by Nippon Oils and 

Fats (Osaka, Japan). All other materials were obtained from commercial sources. 

 

2.2 Preparation and characterization of 22A-sHDL particles  

    Synthetic HDL particles were prepared by the thin film-hydration method. Briefly, DPPC and 

POPC were dissolved in chloroform at 20 mg/mL. 22A peptide was dissolved in methanol: water 

(1:1 volume ratio) at 10 mg/mL. DPPC, POPC, and 22A were mixed in a 4 mL glass vial at 

different weight ratios and vortexed for 5 s. The mixture was dried by nitrogen gas flow and then 

placed in the vacuum oven overnight to remove residual solvent. The resulting lipid film was 

hydrated with PBS (pH 7.4) (final concentration of 22A = 15 mg/mL) and vortexed. The 

suspension was homogenized in a bath sonicator for 5 min and then with a probe sonicator 

intermittently (50 W×10 S×12 cycles) to form a clear or translucent 22A-sHDL solution. 

 

2.3 Analysis of 22A-sHDL particles  

    The purity of 22A-sHDL was analyzed by gel permeation chromatography (GPC) with UV 

detection at 220 nm using Tosoh TSK gel G3000SWx 7.8mm x 30cm column (Tosoh Bioscience, 

King of Prussia, PA) on a Waters Breeze Dual Pump system. The HDL samples were diluted to 1 

mg/mL peptide concentration and an injection volume of 10 µL was used. The samples were 

eluted with PBS (pH 7.4) at a flow rate of 1 mL/min. The sHDL hydrodynamic diameters were 
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determined by dynamic light scattering (DLS), using a Zetasizer Nano ZSP, Malvern Instruments 

(Westborough, MA). Samples were diluted to 1.5 mg/mL peptide concentration. The volume 

intensity average values were reported.  

  

2.4 Rat pharmacokinetics and cholesterol mobilization 

Male Sprague-Dawley rats (300 ~ 350 mg) were purchased from Charles River Laboratories 

(Wilmington, MA) and acclimated for one week. The animals were maintained on a chow diet. 

Prior to dosing, the animals were fasted overnight and received either 22A peptide or 22A-sHDL 

particles at 75 mg/kg by either intraperitoneal (IP) or intravenous injection (IV). Four groups of 

rats (n = 4/group) were dosed as follows: IV dose of 22A solution group; IP dose of 22A solution 

group; IV dose of 22A-sHDL group and IP dose of 22A-sHDL group. Blood (300 - 500 µL) was 

drawn from the jugular vein into BD microtainer (TM) tubes (BD, Franklin Lakes, NJ) for 

capillary blood collection at pre-dose and 0.25, 0.5, 1, 2, 4, 8 and 24 after dosing. The animals 

were fed following the 8 h time-point and fasted again prior to the 24 h bleed. Serum was isolated 

immediately from the whole blood by centrifugation at 14,000 rpm for 10 min at 4 °C. Serum was 

aliquoted into multiple tubes and stored at -80°C prior to analysis. 

 

2.5 LC-MS analysis of peptide plasma levels 

    Immediately after serum separation, 10 µL of 5A peptide (3 mg/mL) was added to 10 µL of 

serum as an internal standard (IS), peptides were extracted with 100 µL of methanol containing 

0.1% acetic acid. After vortexing for 30 s, the mixture was centrifuged at 14,000 rpm for 10 min 

at 4°C. The top layer was drawn off and used for quantifying peptide levels in the serum, using 

Agilent 6520 Accurate-Mass Q-TOF LC/MS equipped with a dual electrospray ionization source 

(Dual-ESI) (Agilent Technologies, CA). The HPLC separation was performed using the Agilent 

300SB-C18 column (2.1 mm × 50 mm, 3.5 µm). The mobile phase consisted of (A) water 

containing 0.1% (v:v) formic acid and (B) methanol (pH 2.2) containing 0.1% (v:v) formic acid 
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using a gradient elution of 10% to 60% B at 0-3.5 min, and 60% to 95% B at 3.5-8 min. The flow 

rate was 0.4 mL/min with an injection volume of 10 µL. Mass spectra were acquired in negative 

ion mode with the mass range set at m/z 100-3200. The conditions used for the ESI source 

included a capillary voltage of 3500 V, a drying gas temperature of 332 °C, a drying gas flow of 5 

L/min, and a nebulizer pressure of 45 psi as well as a fragmentor voltage of 225 V. MassHunter 

Workstation software (Agilent Technologies, CA) was used for data acquisition and processing. 

The extracted ion chromatogram (EIC) of 22A was exported from the total ion chromatogram 

(TIC) by monitoring the key fragment of 22A at m/z 656.6. Analogously, the EIC of 22A (-)Lys 

metabolite and IS 5A was extracted at m/z 832.5 and m/z 844.4, respectively. The total integral 

area of 22A peak and 22A (-)Lys metabolite peak was used to calculate concentration.  

 

2.6 Measurement of plasma lipids  

The levels of serum phospholipids (PL), total cholesterol (TC), and unesterified or free 

cholesterol (FC) were determined by enzymatic analysis using commercially available kits (Wako 

Chemicals, Richmond, VA). The cholesterol ester level (CE) was calculated as the difference 

between TC and FC levels at each time point. Briefly, serum samples were diluted with PBS (pH 

7.4) 10-fold for TC detection and 3 fold for FC detection and with Milli Q water 10 times for PL 

detection. Defined amounts of standards or diluted samples were transferred into 96-well plate 

(50 µL, 60 µL and 20 µL for TC, FC and PL, respectively). Color reagents were added according 

to manufacturer instructions. The plates were gently shaken using an orbital shaker and incubated 

at 37 ˚C for 5 min The UV absorbance at 600 nm was measured by a Synergy NEO HTS Multi-

Mode Microplate Reader (Bio-Tek).  

 

2.7 Pharmacokinetic parameters calculation and PK-PD modeling 

    Pharmacokinetic (PK) and pharmacodynamic (PD) analyses of the data were performed by 

least-squares regression analysis, weighted by the inverse of the fitted value, using Phoenix© 
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WinNonlin® (Pharsight Corporation, Mountain View, CA, USA). Serum 22A and phospholipids 

(PL) PK parameters were estimated using a one-compartment disposition model for IV bolus 

administration, and a one-compartment disposition model with first order absorption and no lag 

time for IP administration. The PK parameters included time to reach maximum serum 

concentration (Tmax), maximum serum concentration (Cmax), area under the serum concentration-

time curve (AUC), first-order absorption rate constant after IP injection (k01), first-order 

elimination rate constant (k10), elimination half-life (T1/2), apparent total clearance (CL or CL/F, 

where F is bioavailabiliy) and apparent volume of distribution (Vd or Vd/F). The goodness of fit 

was determined using Akaike Information Criterion (AIC), and by visual inspection of the fits and 

residuals. The coefficient of variation (%CV) for each fitted parameter was also reported. The 

resulting pharmacokinetic parameters of 22A or phospholipids were then used as constants in the 

integrated PK-PD model.   

The PK-PD model was established by relating serum concentrations of either 22A or the 

phospholipid components of 22A-sHDL to FC levels as the PD endpoint using indirect 

pharmacodynamic response models (19). Fig. 1 shows the indirect response model described by 

Jusko et al. for PK-PD modeling in this study (22). The pharmacologic response (free cholesterol 

mobilization) is controlled by a zero order rate constant for generation of response (kin) and a first 

order rate constant for loss of response (kout). The response compartment can be modulated by 

stimulating kin using a sigmoidal infinite model. Steepness of the sigmoidal curve (γ) and the 

serum concentration needed to achieve a 50% maximum stimulation of response of a dosed agent 

(EC50) were calculated. After the PK parameters were obtained by fitting to compartmental 

models, they were regarded as fixed values and then used to estimate PD parameters (i.e. kin, kout, 

EC50 and γ). The final models were chosen based on best fit in terms of sum of squared residuals, 

diagnosis plots and Log-likelihood value.   

 

2.8 Distribution of mobilized cholesterol in lipoproteins  

 by guest, on N
ovem

ber 29, 2016
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


	 11	

The rat sera samples were analyzed to assess cholesterol distribution between VLDL, LDL, 

and HDL lipoprotein fractions. Separation of lipoproteins was performed on Waters HPLC 

system equipped with Superose 6, 10/300 GL column (GE Healthcare, Piscataway, NJ) and on-

line detection of cholesterol by post-column enzymatic reactions (23). Rat sera prior to dosing, 

0.25, 2 and 24 h post-injection were analyzed. Sera aliquots (50 µl) were injected and eluted with 

a 154 mM sodium chloride/0.02% sodium azide solution at 0.8 ml/min. The post column reaction 

was done using a 5 mL reaction coil at 37°C and detected by UV at 490 nm.  The cholesterol 

detection enzymatic reagents were delivered at 0.2 ml/min flow rate and mix-in with separated 

lipoprotein post column. The enzymatic reagent solution was composed of 100 mM phosphate 

buffer (pH 7.0), 4 M sodium chloride, 0.2% triton X-100, 10 mM sodium cholate, 2.5 mM 4-

aminoantipyrine, 7.54 mM 2-hydroxy-3,5 dichlorobenzene, 0.0625 U/ml cholesterol oxidase, 

1.25 U/ml peroxidase, 1.25 U/ml lipase and 0.1U/ml cholesterol ester hydrolase. All enzymatic 

reagents were purchased from Sigma. 

2.9 Remodeling of endogenous plasma lipoprotein by lipid-free peptide and HDL particles  

Remodeling of endogenous lipoproteins in serum was assessed after incubation of 22A peptide 

or 22A-sHDL with human sera. Solutions of 22A peptide or 22A-sHDL at 0.1, 0.5, 1.5 and 3 

mg/mL peptide concentration in sera were incubated at 37°C for 1 h with shaking at 300 rpm. 

The various sub-classes of HDL were separated by size and charge by one-dimensional native 

polyacrylamide gel electrophoresis (PAGE) and visualized by western blot. Samples were 

subjected to electrophoresis using 10-well Tris-Borate-EDTA gradient (3-25%) acrylamide native 

gels (Jule, Inc., Milford, CT) (24). For each well, 5 µl of human sera after incubation with PBS, 

22A peptide or 22A-sHDL was mixed with 5 µl of 2X TBE sample buffer and 6 µl of the 

resulting mixtures were loaded per well. Gels were run at 200 V until the sample dye was 2.5 cm 

away from the bottom of the gel.  Proteins were visualized by western blot by transfer onto PVDF 

membrane and incubation overnight with anti-human apoA-I -HRP conjugated antibody 
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(Meridian Life Science, Memphis, TN). Bands were visualized using SuperSignalTM West Pico 

Chemiluminescence Substrate (Thermo Fisher) and images were acquired on a FluorChem M 

Imager (Protein Simple, San Jose, CA) and Image J was used for spot densitometry. 

 

2.10 Statistical analyses 

    Statistical analyses of the data were performed by Student’s t-test for comparing two treatment 

groups or by one-way ANOVA/Dunnett’s test for comparing multiple treatment groups with 

22A-sHDL/IV serving as the control. Data are expressed as mean ± standard deviation of at least 

three independent experiments. P < 0.05 was considered to be statistically significant. 
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3. Results 

 

3.1 Composition optimization, assembly and characterization of 22A-sHDL particles  

    HDL composition was optimized using an apoA-I mimetic peptide, 22A, and phospholipids to 

match the size of endogenous pre-β HDL particles. The 22A peptide was previously clinically 

tested in dyslipidemia patients as ETC-642 (25). The composition of ETC-642 is approximately 

1:1:1 weight ratios of 22A peptide, DPPC and sphingomyelin, combined to form homogeneous 

pre-β HDL-like discs (25). In this study we replaced sphingomyelin with POPC in order to 

increase sHDL interaction with lecithin-cholesteryl acyltransferase (LCAT). Unsaturated 

phospholipids like POPC are preferred substrates for LCAT, while sphingomyelin is not a 

substrate of the enzyme (26). In order to optimize 22A-sHDL particle size and purity, we varied 

the weight ratio of 22A to total phospholipids varied between 1:0.5 to 1:4 (Table 1). Gel 

permeation chromatography was used to examine the purity and the size distributions of newly 

generated 22A-sHDL particles. As shown in Fig. 2A, the retention times of different 22A-sHDL 

particles were between 7 and 10 min, the peak of unbound or lipid-free peptide appeared at 

around 11.5 min. The amount of lipid-free peptide was less than 0.48% for all formulations.  The 

retention time of sHDL decreased with the increase of lipid to peptide ratio, indicating formation 

of larger sHDL particles. 

    Dynamic light scattering (DLS) analysis confirmed the increase of particle size from 5.5 nm to 

12.5 nm with the increase of lipid:peptide ratio (Fig. 2B), which was consistent with the GPC 

results. The particle polydispersity index (PDI) for 0.5:1, 1:1 and 4:1 formulations were high, 

indicating heterogeneity of particle size (Table 1). Large PDI and small size for 0.5:1 and 1:1 

formulation indicates insufficient amount of lipids for complete peptide binding and perhaps 

presence of peptide aggregates in the solution (27). Increasing the ratio to 4:1 resulted in larger 

PDI as well, indicating the presence of large lipid vehicles due to phospholipid excess. The 
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optimal lipid to peptide weight ratio for 22A peptide appears to be between 2:1 and 3:1. The 1:1:1 

weight ratio of 22A: DPPC: POPC was selected for future examination. These 22A-sHDL 

particles had almost no impurities and a homogeneous size of 9.0 ± 0.1 nm.  Many other studies 

verified that the size of natural human HDL ranges from 8.5 - 12.0 nm (28). To further confirm 

similarity of size for selected 22A-sHDL with endogenous HDL, purified human HDL was 

analyzed by GPC (Supplemental Figure S1). The retention time for endogenous human HDL was 

7.35 min, demonstrating a size similarity to the selected 22A-sHDL.   

 

3.2 Validation of LC-MS method for peptide quantification in serum 

 A new LC-MS method capable of accurate and sensitive detection of 22A and its main 

metabolite was developed. For this, we used a different apoA-I-mimetic peptide, 5A, as an 

internal standard. We have compared solid-state extraction of peptide from serum using Oasis® 

HLB extraction cartridges (Waters, Miford, MA) and organic solvent precipitation methods for 

sample preparation prior to LC-MS analysis. Product recovery using the solid-state extraction 

method was less than 30% (data was not shown). Using methanol to precipitate proteins, the 

peptide recovery was greater than 90% (29). The LC-MS analysis indicated a rapid decrease in 

22A peak area in serum and the appearance of a terminal lysine-truncated metabolite (22A(-)Lys). 

The 22A(-)Lys metabolite was stable in plasma for up to 48 h. For the pharmacokinetic 

evaluation, a sum of serum concentrations of 22A and 22A (-)Lys was plotted as a function of 

time.  

    A limited validation was performed for serum extraction of peptide and LC-MS analysis. 

Linearity of the LC-MS analysis was observed for the peptide concentration range of 5 and 200 

µg/mL, with r2 = 0.995 (Supplemental Figure S2). The limit of quantification was determined to 

be 5 µg/mL. The extraction recovery of 22A ranged between 92 - 112 %. The accuracy of 

concentration determination for serum samples spiked with 22A at 6, 50, 160 µg/mL ranged from 

7.8 to 12.0% of the target concentrations with precision (n = 6) ranging between 2.3% and 1.5%. 
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The inter-assay precision (n = 3) was between 3.8 - 4.3% (shown in Supplemental Table S1). 

Based on the analysis of percentage of 22A Lys (-) peptide in serum for the first four time points, 

metabolism appears to occur in a similar rapid manner for all four groups (as shown in 

Supplemental Figure S3).  

 

3.3 Pharmacokinetic evaluation of apoA-I peptide 

    This experiment evaluated the dependence of apoA-I peptide’s pharmacokinetics on its 

formulation and administration route. We found that following IV administration of either 22A 

solution of 22A-sHDL, peptide elimination followed first-order kinetics (Fig. 3A, B). As shown 

in Table 2, after IV dosing the clearance (CL) of 22A was more rapid when administered as free 

peptide than as 22A-sHDL particles (CL = 0.025 vs. 0.014 dL/h). Given the same volume of 

distribution between IV formulations (Vd = 0.13-14 dL), a similar increase was observed for the 

22A elimination rate constant (K10 = 0.18 vs. 0.112 h-1) with a concomitant decrease in the 

elimination half-life of 22A (T1/2 = 3.81 vs. 6.27 h).  As a result of the slower clearance, area 

under the 22A serum concentration-time curve (AUC) was 1.79-fold higher for 22A-sHDL than 

for the 22A peptide. This PK difference is significant and it is possibly due to peptide proteolysis 

in vivo or potentially different organs responsible for elimination of lipid-free peptide – kidney 

and sHDL particles – liver (30, 31).  Following IP administration of 22A and 22A-sHDL, a first 

order absorption was observed from the injection site into the systemic circulation. The plasma 

peptide levels following IP administration were lower compared with IV administration and 

peaked at 4 h. The AUC of 22A, after IP dosing of 22A and 22A-sHDL, were only 52.0% and 

54.1% of the IV administration, respectively. Since the vascular compartment is a target organ for 

most HDL therapeutics, dose adjustment appears to be critical since only about half of dose 

reaches the systemic circulation following IP administration.  
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    No difference was observed when comparing the volume of distribution (Vd) of 22A after IV 

and IP administrations of 22A (i.e., 0.14 for IV and 0.16 dL [Vd/F × F or 0.30 × 0.52] for IP).  

Likewise, the clearance (CL) of 22A did not change between these two dosing routes (i.e., 0.025 

for IV and 0.025 dL [CL/F × F or 0.048 × 0.52] for IP).  As a result, the elimination rate 

constants (K) and half-lives (T1/2) of 22A were very similar following IV and IP administrations. 

In contrast, the Vd of 22A was about 40% lower when administered as 22A-sHDL/IP (0.081 dL 

[Vd/F × F or 0.15 × 0.54]) as compared to 22A-sHDL/IV (0.13 dL). The reason for this 

difference is unclear but may be related to partial dissociation of 22A and phospholipid during 

absorption into systemic circulation following IP administration and peptide degradation/tissue 

binding during absorption.  Since there was no difference in the CL of 22A after IV and IP 

treatments of 22A-sHDL (i.e., 0.014 for IV and 0.014 dL/h [CL/F × F or 0.026 × 0.54] for IP), 

the 22A elimination rate constant (K) was higher (0.17 vs. 0.11 h-1) and the 22A half-life (T1/2) 

lower (4.14 vs. 6.27 h) following IP administration as compared to IV dosing.   

 

3.4 Phospholipid kinetics 

    Monitoring lipid plasma kinetics provides indirect information not only about the formation of 

HDL following administration of naked apoA-I peptide, but also about the in vivo stability of 

administered sHDL and elimination of its lipid component. Administration of apoA-I peptide in 

sHDL formulation at a dose of 75 mg/kg peptide dose corresponds to administration of 150 

mg/kg of phospholipids (PL). The plasma levels of both endogenous and 22A-sHDL 

administered lipids were measured by choline oxidase assay. The elimination kinetics of total PL 

following 22A-sHDL injection are shown in Fig. 3C-F. After subtracting the pre-dose plasma PL 

levels, the pharmacokinetic parameters were determined and summarized in Table 3. The 

maximum PL level after IV injection of sHDL reached 483.0 mg/dL and constituted a 2.7-fold 

increase over the baseline PL level of 132.2 mg/dL (Fig. 3E). The AUC of PL after IV dosing of 

22A-sHDL was 1559.6 mg*hr/dL. The AUC after IP administration of 22A-sHDL was 416.2 
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mg*hr/dL, indicating the bioavailability of lipids into the systemic circulation for IP injection was 

only 26.7%.  Following IP administration of sHDL, the bioavailability of lipids is lower than that 

of 22A peptide (26.7% versus 54.1%), indicating some degree of dissociation of peptide from 

sHDL lipids during absorption. Although no exogenous PL was given in the case of peptide 

injection, it is believed that apoA-I mimetic peptides administered in vivo are capable of forming 

new HDL particles by lipid and cholesterol efflux via ATP-binding cassette transporter ABCA1 

or by mobilizing phospholipid directly from cellular membranes (8, 32). Hence, the slight 

increase in plasma lipid levels is suggestive of de novo HDL formation. As shown in Fig. 3 C, D, 

a small increase in circulating lipids was observed for IV administration of 22A. In contrast, for 

IP administration of 22A, there was no obvious increase in plasma PL, likely due to tissue 

binding of peptide and decreased bioavailability to systemic circulation compared to IV dosing of 

peptide.  

 

3.5 Cholesterol mobilization and esterification  

To investigate the impact of lipidation and route of administration on apoA-I peptide ability to 

elicit pharmacological response, we examined the kinetics of plasma cholesterol biomarkers. 

Both free apoA-I peptide and sHDL infusions are capable of facilitating reverse cholesterol 

transport (RCT) by enhancing cholesterol efflux. Therefore, transient increases in plasma levels 

of cholesterol following treatment are expected. The kinetic changes in plasma total and 

unesterified cholesterol levels were measured directly by plate assays and the cholesterol ester 

levels were calculated (Fig. 4). Administration of 22A-sHDL by IV resulted in a rapid two-fold 

increase in total cholesterol (TC) within 0.5-1 h post-dose (Fig. 4A, B). The TC levels also 

increased slightly following IV administration of lipid-free 22A peptide (p<0.05 0.25-2 h post-

dose). In contrast, no statistically significant increase in TC was observed for administration of 

both lipid-free 22A and 22A-sHDL by IP route (Fig. 4A, B).  
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The mobilized cholesterol for 22A-sHDL infusions was predominantly unesterified or free 

cholesterol (Fig. 4 C, D). Normal pre-dose levels of rat plasma free cholesterol (FC) were 

approximately 11.7 mg/dL, and increased to 91.0 mg/dL within 1 h for IV dosing.  The IP dosing 

of 22A-sHDL or IV dosing of lipid-free 22A also generated an increase in FC, but the effect was 

much smaller than that caused by IV injection of 22A-sHDL. There was no FC increase detected 

after IP peptide solution administration (Fig. 4 C, D). For 22A-sHDL IV administration, limited 

conversion of mobilized free cholesterol into cholesterol ester (CE) was observed (Fig. 4 E). It is 

possible that mobilized free cholesterol overwhelmed the esterification capacity of circulating 

LCAT, or that 22A-sHDL was not a good activator of rat lecithin cholesterol acyltransferase. 

Cholesterol seemed to be predominantly eliminated from plasma in its unesterified form 

following mobilization, and returned to the baseline levels 24 h post-dose. Hence, the 

pharmacological effect of apoA-I peptide was remarkably affected by the formulation and 

administration route, in which the IV dose of 22A-sHDL generated the strongest cholesterol 

transfer and mobilization efficacy.  

 

3.6 Lipoprotein Distribution of Mobilized Cholesterol 

    In order investigate in greater detail the mechanism of cholesterol mobilization and elimination 

following apoA-I peptide or sHDL administrations, we determined the relative distribution of 

mobilized cholesterol in the HLD, LDL and VLDL fractions. Serum lipoproteins were separated 

by gel permeation chromatography and total cholesterol was detected following post-column 

enzymatic reaction (Fig. 5). Again, for the 22A-sHDL IV group, drastic but transient changes in 

lipoprotein profiles were observed over 24 h. Cholesterol was mobilized by injected HDL-sized 

particles, causing a rapid increase in particle size upon free cholesterol uptake. Since sHDL are 

prepared with a short, single-helical peptide, the size of the nanoparticle is not constrained by the 

length and structure of lipid bound full-length apoA-I, a major protein component of endogenous 

HDL. Therefore, we saw a rapid transition of cholesterol-carrying particles from HDL to LDL 
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size (15 min post-dose, with the maximum increase in cholesterol levels associated with LDL-

sized particles detected by 2 h post-dose). While mobilization of FC was significant, the increase 

in levels of CE was disproportionally lower, indicating that cholesterol is likely to be taken up by 

the liver in its unesterified form (Figure 4D and F). At 2 h post-dose we also observed a 

significant increase in cholesterol levels in VLDL-sized lipoproteins. The VLDL-C increase 

could be due to saturation of liver receptors and enzymes that internalize, metabolize and secrete 

large amount of mobilized FC. However, the cholesterol changes were transient and lipoprotein-

cholesterol distribution returned to a pre-dose profile 24 h post-dose. In contrast to 22A-sHDL IV 

group, only limited lipoprotein changes were observed for all other groups. A small transient 

increase in LDL-cholesterol level was observed for the 22A peptide group at 0.25 and 2 h post-

dose, returning to baseline by 24 h post-dose. Due to limited cholesterol mobilization for all 

groups except for 22A-sHDL, it was difficult to assess differences in in vivo mechanisms of 

cholesterol efflux, mobilization, lipoprotein transfer and elimination for both lipid-fee peptide 

administrations and IP dosing of sHDL.  

 

3.7 Plasma Remodeling 

    Potential differences in how apoA-I peptide or sHDL induce remodeling of endogenous 

lipoproteins were examined following in vitro incubation of both formulations with human serum. 

22A and 22A-sHDL were added at 0, 0.15, 0.5, 1 and 3 mg/ml peptide concentrations, incubated 

for 30 min and separated by either 1-D native page electrophoresis (Fig. 6). The 1-D gels were 

visualized by western blot, staining for human apoA-I. The incubations were performed with a 

broad concentration range of 22A peptide, corresponding to in vivo concentration ranges of 0-1.5 

mg/mL 22A, as measured by LC-MS. Compared to control serum (lane 1), all incubations 

showed reduction in the apoA-I content of α-HDL, seen by decreased stain intensity between 720 

and 200 kDa. Along with this decrease, a 22A-peptide concentration dependent appearance of 

lipid-free or lipid-poor apoA-I protein was observed. The band of lipid-poor ApoA-I ran around 
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25-30 kDa and it had slightly higher intensity for 22A-serum incubations, but slightly larger size 

for 22A-sHDL-serum incubation. Hence, both naked and lipid-bound 22A were capable of 

associating with endogenous HDL and displacing endogenous apoA-I on HDL particles. 

Lipoprotein remodeling and release of lipid free apoA-I could potentially be responsible for the 

therapeutic effect, independent of cholesterol mobilization and RCT. 

 

3.8 Pharmacokinetics and pharmacodynamics correlation  

    Based on experimental pharmacokinetic (PK) and free cholesterol mobilization 

pharmacodynamic (PD) data, the indirect response PK-PD models were developed for 22A and 

phospholipids (Figure 1). The parameters obtained from PK-PD modeling allow for the 

prediction of timing and magnitude of FC increase, such that the dosing regimens can be further 

optimized. The best fit for the PK data was obtained using a one-compartment disposition model, 

with lowest Akaike Information Criterion (AIC) values for both IV and IP injections without lag 

time. PD parameters obtained from 22A-FC or phospholipids-FC PK-PD models are listed in 

Table 4. For IP injection of the 22A group, the model failed to fit the data because FC 

mobilization was limited for this group. 

    In all four groups, a plot of the relationship between 22A serum concentration and FC levels 

showed an anticlockwise hysteresis, indicating a significant delay in peak levels of free 

cholesterol relative to the Cmax of 22A or phospholipids (Fig. 7). This relationship was described 

by an indirect response model in which serum concentrations of 22A or PL had a stimulatory 

effect on the production of FC. Under normal physiological condition without HDL injection the 

endogenous free cholesterol level change can be described by a basic turnover model, which 

includes a zero-order turnover or synthesis rate constant (kin) and a first-order rate constant for 

cholesterol elimination (kout). 22A or 22A-sHDL worked as stimulatory factors having an effect 

on production of the response (Fig. 1). Among all stimulation functions, the infinite stimulation 

model fits the data best, giving the lowest sum of squared residual value.  The parameters kin and 
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kout are independent of drug concentration, thus estimated values for all three groups were similar.  

The free cholesterol baseline level R0, which is assumed to be constant, can be calculated by R0 = 

kin/kout for the three modeled groups. Similar baseline values were observed to be approximately 

12 mg/dL, meeting the values detected for pre-dose.   

There was no significant difference between the sigmoidicity factor gamma (γ), except in the 

case of the 22A-PD model for the 22A-sHDL IP group, whose value was much lower than IV 

group. The EC50 represents the plasma concentration needed to achieve a 50% of maximum 

stimulation achieved at the effect site of a dosed agent. From Table 4, 22A peptide had a 

significantly lower EC50 value after IV dosing of 22A-sHDL than after IV dosing of free peptide 

(53.8 mg/dL versus 142.8 mg/dL), indicating that the sHDL formulation had a more potent effect 

on cholesterol efflux than did the free peptide. There was no significant difference between the 

22A-sHDL IV and IP groups. Combining EC50 and γ values, lipidation of 22A increases the 

potency of peptide whereas altering the administration route can increase the sensitivity of 

cholesterol efflux towards any 22A concentration change at the effect site. However, the smaller 

value of phospholipids EC50 value for phospholipids in the 22A-sHDL IV group compared to IP 

groups (27.1 mg/dL versus 74.0 mg/dL) showed that the phospholipids in sHDL triggered higher 

cholesterol efflux after IV injection compared to IP injection at the same dose, which may result 

from sHDL particle dis-assembly during the absorption process (Table 5).   

The log-likelihood value reflects the quality of the fitted model. In the 22A-sHDL IP group, the 

phospholipid-FC PK/PD model appears to provide a better fit for the data compared to the 22A-

FC PK/PD models, as highlighted by the larger LogLik values (Tables 4 and Table 5). This better 

fit underscores the notion that FC mobilization is likely elicited by the presence of cholesterol-

free lipid bilayers of sHDL in the plasma and to a lesser degree by peptide-mediated cholesterol 

efflux.   
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4. Discussion 

 

We found that both the physical state of the apoA-I peptide (i.e. naked or lipid-bound sHDL) 

and the route of administration (IV versus IP) profoundly affected its pharmacokinetics and the 

mechanism of eliciting pharmacological response. Only lipidated 22A-sHDL administered by IV 

resulted in rapid and massive mobilization of free cholesterol. Additionally, only a partial 

conversion of FC to CE was observed, and all mobilized cholesterol was subsequently eliminated 

within 24 h. The difference in plasma-mobilized cholesterol levels did not directly correlate with 

differences in the pharmacokinetics of apoA-I peptide administered in a lipid-free form or in the 

bioavailability of apoA-I peptide to systemic circulation following IP dosing. The half-life of 

peptide administered in lipid-free form was only 0.61-fold shorter relative to 22A-sHDL. 

However, 1-2 h post-dose the maximum levels of mobilized FC reached 22 mg/dL for 22A and 

91 mg/dL for 22A-sHDL (Fig. 4 C, D, Table 2), constituting a 1.3 and 5.3 increase from pre-dose 

level, respectively. This significant difference in the magnitude of plasma cholesterol 

mobilization indicated a potential mechanistic difference in how cholesterol efflux is elicited for 

lipid-free peptide and sHDL in vivo. The rapid cholesterol mobilization following IV 

administration of sHDL was likely caused in part by a physical partitioning of FC from cellular 

membranes to cholesterol-free lipid bilayers of sHDL. For administration of lipid-free 22A 

peptide, cholesterol mobilization possibly occurs in a receptor-mediated manner following 

interaction with peptide or de novo formed HDL following of plasma remodeling of lipoprotein 

by 22A peptide. Extensive mobilization of FC in serum led to rapid conversion of the injected 

sHDL particles to LDL-sized, cholesterol-loaded particles, causing a spike in LDL-C levels 

between 2-8 hours post-dose. These transient increases in LDL-C and triglyceride levels have 

been observed previously for both free ApoA-I and HDL infusions, and has been attributed to 

saturating the liver’s capacity to excrete free cholesterol and inhibiting hepatic and lipoprotein 

lipases (33). While the changes in lipoproteins appeared to be very dramatic following 22A-
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sHDL IV infusion, they were also transient, as all lipoprotein levels returned to baseline 24-hours 

post-dose. Similar transient changes in lipoproteins have been observed in clinical settings for 

infusions of other HDL products, such as CER-001 (34) and ETC-216 (35).  

When either lipid-free or lipidated peptide was mixed with serum, each was capable of 

remodeling of endogenous lipoproteins, leading to the appearance of a lipid-poor apoA-I fraction. 

The appearance of lipid-poor apoA-I indicates that, upon administration, 22A peptide binds to 

endogenous HDL particles and causes endogenous apoA-I displacement from HDL. It is unclear 

how this phenomenon impacts the anti-atherosclerotic activity of apoA-I mimetic peptide as well 

as how the sequences of various peptides influence endogenous lipoprotein binding. The PK-PD 

modeling that correlated 22A with an increase in FC, a plasma biomarker of cholesterol efflux, 

revealed EC50
 values to be much lower for 22A-sHDL-IV compared with lipid-free-22A-IV 

(Table 4).  

The initial decision to use reconstituted HDL particles rather than lipid-free apoA-I in clinical 

development occurred in the 1990s following the first clinical evaluation by Miller et al (3, 15). 

In these studies, prolonged IV infusion and bolus administration of lipid-free apoA-I up to 50 

mg/kg dose failed to increase plasma levels of HDL-C. Instead, transient increases in LDL 

particles were noted and attributed to inhibition of lipoprotein and hepatic lipases. In contrast, 

infusions of reconstituted HDL particles at 25 and 40 mg/kg of apoA-I resulted in transient 

increases in HDL unesterified cholesterol levels, followed by cholesterol esterification and 

elimination. Since these first clinical trials, the elevation of HDL-C levels has become a primary 

biomarker of sHDL’s pharmacological effect. The clinical dose selection and preclinical 

optimization for many follow-on HDL products (ETC-642, CER-001) were performed based on 

the HDL-C increase as biomarker (2, 5). However, it is becoming clear that there are mechanistic 

differences in how sHDL and free apoA-I elicit cholesterol efflux. Lipid-free apoA-I interacts 

with ABCA-1 receptors to efflux, forms de novo HDL and remodel existing lipoproteins. In 

contrast, the cholesterol-free lipid bilayers of sHDL particles are strong acceptors of cholesterol 
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from ABCG1, SR-BI, and via passive efflux from cellular membranes. Indeed, recent studies 

have shown that SR-BI receptors are largely responsible for free cholesterol elevation following 

rHDL infusion, and that phospholipids, not ApoA-I, dictate FC efflux (36, 37). Because of these 

factors, CSL-112 pharmacological efficacy in early clinical trials was monitored by increases in 

ABCA1 cholesterol efflux capacity of patient plasma following drug administration (38).  

 

Several studies have directly compared the anti-inflammatory effects of apoA-I and HDL 

administered by IV infusion in animal models of arthritis (11) and a carotid peri-arterial collar 

model (12). When lipid-free apoA-I and reconstituted HDL were administered at a low dose of 8 

mg/kg, they exhibited similar measurable anti-inflammatory activity. This indicates that some of 

protective mechanisms of apoA-I and sHDL infusions could not be characterized simply by 

monitoring cholesterol mobilization, and additional biomarkers are needed to establish the PK-PD 

relationship.   

Direct comparisons of the anti-atherosclerotic potency of IP injections of 30 mg/kg of either 

ATI-5261 peptide or reconstituted HDL were performed in a high-fat diet fed ApoE-/- mouse 

model of atherosclerosis (39). While no increase in plasma cholesterol levels was detected, sHDL 

injections showed slightly better atheroma reduction, however the difference was not statistically 

significant. In our study, IP administrations resulted in only limited plasma cholesterol 

mobilization, with slightly higher mobilization for sHDL infusions compared to those using lipid-

free peptide. Following IP dosing 52% of lipid-free apoA-I peptide, 54% of lipidated apoA-I 

peptide and 27% of sHDL phospholipids reached the systemic circulation. In addition, the values 

for absorption (K01) and elimination (K10) constants differed for PL and 22A following IP 

administration of 22A-sHDL (Tables 2 and 3), indicating that some of 22A-sHDL was 

dissociated prior to absorption. Peptide tissue-binding, proteolysis and disassembly of 22A-sHDL 

particles are potential reasons for the reduced and different bioavailabilities. Peptide tissue-

binding and proteolysis depend on the primary sequence of peptide and, thus, differ for various 
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peptides and full-length apoA-I. Stability of sHDL in vivo and extent of endogenous HDL 

remodeling depend on the lipid binding affinity of amphipathic helixes toward lipid used in sHDL 

formulation, endogenous lipoproteins and plasma lipid membrane as well as the peptide's 

tendency to self-associate (4, 40). Furthermore, lipid formulation of sHDL (peptide-lipid ratio, 

lipid type and sHDL particle size) affects particle stability, cholesterol affinity and interaction 

with LCAT (41). Thus, in vivo behavior of apoA-I peptide and sHDL formulation could be 

distinctly different for various peptide sequences and lipid formulations.  

    The magnitude of cholesterol mobilization and pharmacokinetic parameters depend on the dose 

of administered apoA-I peptide. The dose used in this study, 75 mg/kg, was selected to assure the 

detection of peptide in plasma following IP administration. The selected dose is slightly higher 

than doses used in animal pharmacology studies for apoA-I and HDL, which range between 1 and 

50 mg/kg (42, 43). However, in phase I clinical dosing the infusions were given up to 45 mg/kg 

for CER-001, 135 mg/kg for CSL-112 and 50 mg/kg for lipid free apoA-I (2-4). Hence, 75 mg/kg 

was a reasonable dose for the current study. In addition, our study was conducted in healthy rats 

to allow for the multiple blood draws required to determine for PK and PD parameters. However, 

the cholesterol pool mobilized in healthy rats is likely to be different from that present in human 

atheromas and, thus it would be beneficial to evaluate how apoA-I lipidation affects cholesterol 

mobilization in hyperlipidemic disease models.  

   The results of this study emphasize the criticality of considerations for formulation, route of 

administration, and dose used in pharmacological studies of apoA-I peptide and sHDL particles. 

Historic drug development considerations for the selection of HDL dose and formulation were 

based on measurements of plasma cholesterol level increase, which were primarily observed upon 

IV administration of sHDL particles. Yet, the increase in plasma cholesterol primarily depends on 

sHDL lipid composition and particle stability in vivo, and is seen upon administration of 

relatively high doses of sHDL. Thus, endogenous lipoporotein remodeling, anti-inflammatory 

effects and apoA-I protein mediated ABCA-1 efflux that are exhibited at lower doses are often 
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underemphasized. Consequently, a mechanistic understanding of which therapeutics effects of 

sHDL are mediated by lipoprotein particles and which are mediated by their apoA-I component, 

as well as correlating elicited pharmacologic effect in vivo with the actual systemic 

concentrations, AUC and pharmacokinetic parameters for administered apoA-I peptide, will 

significantly improve clarity around the development of HDL mimetics. Identification of in vivo 

biomarkers indicative of HDL mimetic potency in addition to HDL-C plasma increase and rapid 

assessment of in vivo of PK and biomarker response for novel apoA-I mimetic peptides could 

improve their development outcomes, as extensive in vitro optimization does not account for 

peptide proteolysis and excessive tissue binding in vivo.  
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Table 1. The characterization summary of different 22A-sHDL particles  

sHDL formulations 

(wt/wt/wt ratio) 

Retention 

time (min) 
Particle size (nm) Polydispersity index 

DPPC:POPC:22A (2:2:1) 7.02 12.5 ± 0.1 0.29 ± 0.07 

DPPC:POPC:22A (1.5:1.5:1) 7.32 10.5 ± 0.1 0.17 ± 0.06 

DPPC:POPC:22A (1:1:1) 7.80 9.0 ± 0.1 0.16 ± 0.03 

DPPC:POPC:22A (0.5: 0.5:1) 8.83 7.4 ± 0.1 0.23 ± 0.04 

DPPC:POPC:22A (0.25:0.25:1) 9.16 5.5 ± 0.1 0.56 ± 0.09 
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Table 2. Pharmacokinetic parameters (% CV) of 22A peptide after 75 mg/kg doses of 22A by 

four different treatments. 

Parameters 
Groups 

22A/IV 22A/IP 22A-sHDL/IV 22A-sHDL/IP 

Tmax (h) – 4.27 (15.3) – 4.04 (21.5) 

Cmax (mg/dL) 152.16 (5.0) ns 34.83 (14.0)**** 165.23 (7.6) 68.87 (19.9)**** 

AUC (mg*h/dL) 836.3 (7.8) *** 434.5 (17.3) **** 1495.5(13.9) 809.4 (24.6) *** 

K01 (h-1) – 0.33 (34.3) – 0.35 (47.7) 

K10 (h-1) 0.18 (9.6)** 0.16 (10.9)* 0.11 (16.6)  0.17 (14.4)* 

T1/2 (h) 3.81 (9.6) *** 4.43 (10.9) ** 6.27 (16.6)  4.14 (14.4) ** 

CL (dL/h) 0.025 (7.8) ns 0.048 (17.4)**** 0.014 (13.9) 0.026 (24.6)* 

Vd (dL) 0.14 (5.0) ns 0.30 (26.1)** 0.13 (7.6) 0.15 (36.16) ns 

AIC 15.48 12.35 23.36 7.00 

 

Mean ± S.D. (n = 3), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns: no significant difference 

compared with 22A-sHDL/IV treatment. Tmax: Time at which the Cmax is observed; Cmax: the 

maximum plasma concentration of 22A; AUC: the area under the curve in plot of concentration 

of 22A against time; k01: the first-order absorption rate constant; k10: the first order elimination 

rate constant; T1/2: the half-life of elimination; CL: apparent total clearance for 22A (CL for IV 

and CL/F for IP, where F is bioavailability); Vd: apparent volume of distribution for 22A (Vd for 

IV and Vd/F for IP, where F is bioavailability); AIC: Akaike Information Criterion.  
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Table 3. Pharmacokinetic parameters (% CV) of phospholipids after 150 mg/kg doses of 

phospholipids by two different treatments  

Parameters 
Groups 

22A-sHDL/IV 22A-sHDL/IP 

Tmax (h) – 2.33 (14.6) 

Cmax (mg/dL) 420.9 (2.9) 58.3 (10.1) 

AUC (mg*h/dL) 1559.6 (3.9)  416.2 (14.2) **** 

K01 (h-1) – 0.67 (46.9) 

K10 (h-1) 0.27 (4.9) 0.25 (40.2) 

T1/2 (h) 2.57 (4.9) 2.74 (40.2) ns 

CL (dL/h) 0.027 (3.9) 0.10 (14.2) ** 

Vd (dL) 0.10 (2.9) 0.40 (35.1) * 

AIC 13.51 19.34 

 

Mean ± S.D. (n = 3), *p<0.05, **p<0.01, ****p<0.0001, ns: no significant difference compared with 

22A-sHDL/IV treatment. Tmax: Time at which the Cmax is observed; Cmax: the maximum plasma 

concentration of phospholipid; AUC: the area under the curve in plot of concentration of 

phospholipid against time; k01: the first-order absorption rate constant; k10: the first order 

elimination rate constant; T1/2: the half-life of elimination; CL: apparent clearance for 

phospholipid (CL for IV and CL/F for IP, where F is bioavailability); Vd: apparent volume of 

distribution for phospholipid (Vd for IV and Vd/F for IP, where F is bioavailability); AIC: Akaike 

Information Criterion. 
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Table 4. Estimated pharmacodynamic parameters (with % CV of the estimate) for 22A peptide.  

Parameters 
Groups 

22A/IV 22A/IP 22A-sHDL/IV 22A-sHDL/IP 

kin (mg/(dL*h)) 30.38 (53.7) – 30.48 (18.3) 30.60 (70.4) 

kout (h-1) 2.65 (61.6) – 2.61 (10.5) 3.46 (60.1) 

EC50 (mg /dL) 142.81 (8.6) *** – 53.77 (21.2) 47.63 (247.8) ns 

gamma 2.08 (71.9) ns – 1.92 (10.6) 0.36 (90.6) *** 

LogLik -9.96 – -15.97 -11.94 

 

Mean ± S.D. (n = 3), ***p<0.001, ns: no significant difference versus 22A-sHDL/IV group. kin: 

the zero-order constant for production of response; kout: the first-order constant for loss of the 

response; EC50: the plasma concentration needed to achieve a 50% of maximum stimulation 

achieved at the effect site of a dosed agent; gamma: steepness of the sigmoidal curve. LogLik: 

Log-likelihood of best-fitted model.  
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Table 5. Estimated pharmacodynamic parameters (with % CV of the estimate) for phospholipids.  

Parameters 
Groups 

22A-sHDL/IV 22A-sHDL/IP 

kin (mg/(dL*hr)) 30.48 (18.2) 22.26 (27.2) 

kout (hr-1) 2.61 (10.5) 1.85 (27.3) 

EC50 (mg /dL) 27.11 (51.6)  74.02 (9.93) * 

gamma 0.78 (10.6) 1.25 (25.2) ns 

LogLik -15.97 -7.34  

 

Mean ± S.D. (n = 3), *p<0.05, ns: no significant difference versus 22A-sHDL/IV group. kin: the 

zero-order constant for production of response; kout: the first-order constant for loss of the 

response; EC50: the plasma concentration needed to achieve a 50% of maximum stimulation 

achieved at the effect site of a dosed agent; gamma: steepness of the sigmoidal curve. LogLik: 

Log-likelihood of best-fitted model.  
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Figure 1:  
 
 

 
 

Figure 1. Scheme of the pharmacokinetic-pharmacodynamic (PK-PD) model based on a one-

compartment PK model. k01: the first-order absorption rate constant for IP groups only; k10: the 

first order elimination rate constant; kin: the zero-order constant for production of response; kout: 

the first-order constant for loss of the response; EC50: the serum concentration needed to achieve 

a 50% of maximum stimulation achieved at the effect site of a dosed agent; γ: steepness of the 

sigmoidal curve.  
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Figure 2:  

 

 
 
 

Figure 2. Characterization of 22A reconstituted sHDL particles. Gel permeation chromatography 

(A), dynamic light scattering (B).  
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Figure 3:  

 
 

 

Figure 3. Pharmacokinetics of 22A peptide after administration of lipid-free 22A peptide (panel A) 

or 22A-sHDL (panel B). The kinetics of phospholipid mobilization and elimination following 

administration of lipid-free 22A peptide (panel C and insert D) or 22A-sHDL (panel E and insert 

F). Sprague-Dawley rats received 75 mg/kg of 22A or 22A-sHDL by either IV or IP injection. 

For 22A-sHDL a dose of 75 mg/kg of peptide corresponded to a 150 mg/kg dose of phospholipids. 

Serum peptide concentrations were determined by LC-MS and total choline containing 

phospholipids was measured by a commercial choline oxidase assay. 
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Figure 4:  
 

 
 

 

Figure 4. Pharmacodynamic assessment of sHDL therapeutics after IV or IP administration of 

lipid-free 22A peptide or 22A-sHDL. Mobilization of total TC (A and B), FC (C and D) and CE 

(E and F) after injection of 75 mg/kg of 22A peptide solution (A, C and E) and 22A-sHDL (B, D 

and F). (*) denotes statistical significant differences of TC, FC or EC changes compared with 

their pre-dose levels with p-values of at least < 0.05.  
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Figure 5: 

  

 

Figure 5. The cholesterol distribution between VLDL, LDL and HDL lipoprotein fractions 

following IV (A) or IP administration (B) of 22A peptide solution or IV (C) or IP administration 

(D) 22A-sHDL.   
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Figure 6:  
 

 
 

Figure 6. Free apoA-I and various subclasses of HDL were separated by 1-D native page 

electrophoresis and visualized by western blot using anti-apoA-I antibody. Lane 1 was the control 

serum, lane 2, 3, 4, 5 represented 0.15, 0.5, 1 and 3 mg/ml of 22A and lane 6, 7, 8, 9 represented 

0.15, 0.5, 1 and 3 mg/ml 22A-sHDL, respectively. Labels a, b and c refer to the approximate 

positions of lipid-poor apoA-I, small pre-β HDL particles and large α-HDL particles.  
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Figure 7: 
 

 
 

Figure 7. Plot of the relationship between 22A serum concentration and FC increase at individual 

time points following IV (A) or IP (B) administration of 22A peptide solution or 22A-sHDL at 

dose of 75 mg/kg.   
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