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Objective  To study the pharmacokinetics of a novel recombinant human granulocyte colony- sti-

mulating factor (rhG-CSFa) in rats and to determine the proteolytic rates of rhG-CSFa in the whole blood 

and serum of rats in vitro.  

Methods  The pharmacokinetics of rhG-CSFa and conventional (wild type, WT) granulocyte colony- 

stimulating factor (G-CSF) were investigated in Sprague-Dawley rats which received either intravenous or 

subcutaneous injection of rhG-CSFa or WT G-CSF at three different doses (20, 50, or 100 μg/kg). The blood 

samples of rats were collected at multiple time points (from 0.08 to 12 h) and the concentrations of 

rhG-CSFa and WT G-CSF in serum were determined with a sandwich enzyme-linked immunosorbent assay 

(ELISA). For the study of proteolytic rates in vitro, the concentrations of rhG-CSFa or WT G-CSF were de-

termined at 3-minute intervals after addition of the respective drug to rat’s whole blood or serum.  

Results  Pharmacokinetic analysis of serum rhG-CSFa or WT G-CSF levels indicated that, at each 

dose tested, for either route of drug administration, the area under concentration-time curve values and the 

maximum serum concentration of rhG-CSFa were higher than those of WT G-CSF, and the serum half life 

of rhG-CSFa was longer than that of WT G-CSF. Subsequent in vitro whole blood and serum stability study 

showed that the rates of drug degradation in WT G-CSF were 1.8 folds and 1.5 folds higher than those in 

rhG-CSFa, respectively.  

Conclusion  rhG-CSFa has better serum and whole blood stability in vitro and higher bioavailability 

in vivo as compared to WT G-CSF. 
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UMAN granulocyte colony-stimulating factor 

(G-CSF) is an endogenous glycoprotein which 

regulates survival, proliferation, and differen-

tiation of neutrophilic granulocyte precursors, 

functionally activates mature neutrophils, and maintains 

normal counts of neutrophils in blood.1,2 Human G-CSF had 

been successfully expressed in and purified from CHO cells 

and E. coli, and was approved for clinical use in 1991.3 

Human G-CSF is used as a therapeutic drug for cancer 

patients who receive myelosuppressive chemotherapy and 

those with congenital neutropenia.4,5 Also, the drug is 

currently under investigation for treatment of cerebral 

ischemia and amyotrophic lateral sclerosis.6,7 

Due to its intrinsic instability,8,9 G-CSF should be ex-

cessively and/or frequently administered to patients in 

order to maintain a plasma concentration which is high 

enough to achieve therapeutic effects. This administration 

regimen not only causes inconvenience and pain in patients, 

but also increases the chance for infections. A mutant de-

rivative of granulocyte colony-stimulating factor, rhG-CSFa, 

which exhibits greater biological activity and enhanced 

stability in myelo-suppressed monkeys, was obtained 

previously through additional site-directed mutagenesis.10 

In this study, the pharmacokinetics of rhG-CSFa was in-

vestigated after intravenous or subcutaneous administra-

tion of it at three different doses in rats.  

MATERIALS AND METHODS 

Animals  

All animals used in this study were obtained from the 

Experimental Animal Center of Soochow University (Suz-

hou, China). Female Balb/c mice (specific pathogen-free, 

SPF) aged 8-10 weeks old, male and female Spra-

gue-Dawley rats (clean animal, CL) weighing 180-  220 g, 

and female New Zealand big ear rabbits (CL) weighing 

approximately 2 kg were used. 

 

Reagents  

Fetal calf serum and RPMI 1640 medium were purchased 

from Thermo Fisher Scientific Corp (Beijing, China). Po-

lyethylene glycol (PEG), aminopterin (50×), hypoxanthine, 

thymine, streptavidin-peroxidase, and o-phenylendiamin 

were purchased from Sigma (St. Louis, USA). Biotin goat 

anti-mouse IgG and alkaline phosphatase (AKP) goat an-

ti-mouse IgG were purchased from Biolegend (San Diego, 

CA, USA). Horseradish peroxidase (HRP) goat anti-rabbit 

IgG and bovine serum albumin (BSA) were purchased from 

Dingguo biotechnical corp. (Beijing, China). Penicil-

lin-Streptomycin was purchased from Gibco (NY, USA). 

NBT/BCIP was purchased from Bio-RAD (Richmond, CA, 

USA). Cell culture flasks, 96-well plates, and 24-well plates 

were purchased from Corning (NY, USA). 

 

Cell lines and cell culture  

Sp2/0 myeloma cells were provided by the Institute of 

Genetics, Fudan University (Shanghai, China). They were 

cultured in RPMI 1640 medium containing 10% fetal calf 

serum. 

 

Preparation of rabbit anti-sera specific for rhG-CSFa   

Female New Zealand big ear rabbits received five subcu-

taneous injections (initial dose of 0.25 mg and subsequent 

dose of 0.5 mg) of rhG-CSFa at 2-week intervals. The 

rhG-CSFa solution was emulsified with Freund’s complete 

adjuvant for the initial injection, and then with Freund’s 

incomplete adjuvant for the subsequent injections. Blood 

was collected 8 days after the last subcutaneous injection 

and the rhG-CSFa specific anti-sera were prepared and 

stored at －20°C. When used in enzyme-linked immuno-

sorbent assay (ELISA), the anti-sera were diluted at    

1∶1000 (anti-sera∶PBS). 

 

Preparation of monoclonal antibodies (MAbs) spe-

cific for rhG-CSFa and Western blotting analysis 

Female Balb/c mice were immunized with rhG-CSFa, and 

their spleen cells were obtained and fused with sp2/0 

myeloma. The cells were then cultured in HAT medium   

for hybridoma selection, and the supernatants of the  

cultures were tested by ELISA for specific positive hybri-

domas. The positive cells were cloned by the limit-

ing-dilution method to obtain the MAb cell lines. The spe-

cific activity of the antibody was confirmed by Western 

blotting analysis.11 

 

Detection of rhG-CSFa concentrations in rat serum 

by ELISA 

Rabbit anti-rhG-CSFa serum was added to each well of a 

96-well plate, and incubated overnight at 4°C. A BSA so-

lution (0.2%) was added for blocking. Then 100 μL of 

serum sample or rhG-CSFa standard diluted in phos-

phate-diluted saline (PBS) was added to the wells, and 

incubated for 1 hour at 37°C. After washing each well with 

200 μL of buffer for 3 times, 100 μL of MAb culture su-

pernatant was added to the wells, followed by the avi-

din-biotin system ELISA.11 
 

Determination of standard curve of rhG-CSFa and 

wild type (WT) G-CSF by ELISA 

rhG-CSFa or WT G-CSF standards at 9 different concen-

H 
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trations were prepared by serial dilution with PBS; the 

concentrations were as follows: 0, 19.5 ng/mL, 39.1 ng/mL, 

78.1 ng/mL, 156 ng/mL, 313 ng/mL, 625 ng/mL, 1 250 

ng/mL, and 2 500 ng/mL. Absorbances were measured   

at 490 nm with a Bio-Rad 3000 reader. The standard 

curves were constructed by plotting the absorbance  

values against the standard concentrations of rhG-CSFa  

or WT G-CSF.  

 

Analysis of pharmacokinetic parameters 

Pharmacokinetic parameters were determined by fitting 

the serum drug concentration-time data to a one- or 

two-compartment model, with use of the Winnonlin 5.2 

software. Accumulated amount of the drug in rat circu-

lating blood in a given time was measured by area under 

concentration-time curve (AUC). Clearance and elimination 

half life (T1/2(β)) were used to describe the rate of elimina-

tion of drug in vivo. Volume of distribution of central 

compartment (Vc) showed how well the drug distributed in 

vivo. Distribution half life (T1/2(α)) was the time it took for 

the durg to distribute into the whole body. Within the safety 

range, the value of maximum concentration (Cmax) would 

correlate well with the therapeutic effects of a drug. Bio-

availability (F), which was determined by the AUC values, 

and which shows how well a drug is absorbed, is also an 

important parameter used to measure a drug’s bioactivity 

and its therapeutic effect. 

 

Stability of rhG-CSFa and WT G-CSF in rat whole 

blood or serum in vitro 

In proteolytic assay using rat whole blood, rhG-CSFa or WT 

G-CSF was diluted in rat whole blood containing 3.8% 

sodium citrate as anticoagulant, with a final concentration 

of 1 250 ng/mL. The samples were incubated at 37°C, and 

50 μL of the samples were collected into eppendorf tubes  

at 0, 3, 6, 9, 12, 15, 18, 21, 24, 27, and 30 minutes.    

The tubes were stored at 4°C to stop the proteolytic    

reactions while the remaining samples were collected, all  

of the samples were then centrifuged at 18 000×g for     

5 minutes at 4°C, and the supernatants were used for 

ELISA.  

To determine proteolytic rates of rhG-CSFa and WT 

G-CSF in rat serum, rhG-CSFa or WT G-CSF was added to 

the serum at a final concentration of 1 250 ng/mL, and the 

assay was performed as described above for the whole 

blood. 

 

Statistical analysis 

Pharmacokinetics data from rhG-CSFa or WT G-CSF were 

compared by one-way analysis of variance, and t test were 

performed for the comparison between the two means of 

the same parameters of rhG-CSFa and WT G-CSF for all the 

three doses. The null hypothesis was rejected when the P 

vale was less than 0.05. 

RESULTS 

Production and specificity of MAb to rhG-CSFa 

Ten positive hybridoma cell lines were selected by ELISA, 

and three of them with higher optical density (OD) rea- 

dings were further monocloned with the limiting-dilution 

method. Culture supernatant from the MAb cell lines was 

analyzed for specificity on Western blots; rhG-CSFa,   

endostation (negative control), and inclusion body of WT 

G-CSF were electroblotted onto nitrocellulose filters.   

Results showed that specific bands with molecular weight 

less than 20 kD were detected in samples of rhG-CSFa  

and WT G-CSF, and no band was observed in sample of 

endostatin (Fig. 1). 

 

Standard curve of rhG-CSFa and WT G-CSF detection 

by ELISA and the lowest detectable concentration 

Standard curves of rhG-CSFa and WT G-CSF are shown in 

Figure 2, and the lowest detectable concentration of this 

ELISA method was 0.125 ng/mL. 

 

Rates of recovery and precision 

When rhG-CSFa was added to rat serum, the recovery rate 

of added rhG-CSFa ranged from 95% to 104%. Coefficients 

of within-assay and between-assay variations were 2.4%- 

7.4% and 9.4%-15.8%, respectively. 

 

M

r 

Figure 1. Western blot analysis of 5H6-B7 monoclonal antibody. 

Lane 1. rhG-CSFa; Lane 2. endostatin; Lane 3. WT 

G-CSF; Lane 4. protein molecular mass marker 

(prestained). 

rhG-CSFa: novel recombinant human granulocyte 

colony-stimulating factor; WT: wide type; G-CSF: 

granulocyte colony-stimulating factor. 
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Pharmacokinetics of rhG-CSFa and WT G-CSF in rats 

following intravenous or subcutaneous administra-

tion 

Intravenous administration 

After intravenous administration of rhG-CSFa or WT G-CSF 

at three different doses (20, 50, 100 μg/kg), the pharma-

cokinetics of rhG-CSFa and WT G-CSF in rats were studied. 

Serum concentration-time profiles of rhG-CSFa and WT 

G-CSF showed that as soon as the drugs were distributed 

into blood, their concentrations reached the peak value, and 

then reduced slowly (Fig. 3). Corresponding pharmacoki-

netic parameters are presented in Table 1. Analysis of va-

riance showed that the means of AUC, T1/2(α), and T1/2(β) of 

rhG-CSFa at the three doses were all significantly different 

from those of WT G-CSF (P<0.05). 

Subcutaneous administration 

After subcutaneous administration of rhG-CSFa or WT 

G-CSF at three different doses (20, 50, 100 μg/kg), the 

pharmacokinetics of rhG-CSFa and WT G-CSF in rats were 

studied. Concentration-time curves of rhG-CSFa and WT 

G-CSF are shown in Figure 4. Different with intravenous 

administration, subcutaneous administration took a period 

of time (about 1.5-2 hours) for the concentration of 

rhG-CSFa or WT G-CSF in plasma to reach peak values. 

Corresponding pharmacokinetic parameters are presen- 

ted in Table 2. Analysis of variance showed that the  

means of F, Cmax, and T1/2 of rhG-CSFa at the three  

doses were all significantly different from those of WT 

G-CSF (P<0.05). 

 

Stability studies for rhG-CSFa and WT G-CSF in rat 

whole blood and serum in vitro 

Stability studies were performed by measuring proteolytic 

rates of rhG-CSFa and WT G-CSF in rat whole blood and 

serum. Results showed that the rates for rhG-CSFa and  

WT G-CSF degradation in serum were 13.398 and 19.548 

ng·mL-1·min-1, repectively; while in whole blood, the val- 

ues were 10.212 and 18.292 ng·mL-1·min-1, respectively    

(Fig. 5). 

Figure 2.  Standard curves of rhG-CSFa and WT G-CSF detection 

by ELISA. 

 

Figure 3.  Serum concentration of rhG-CSFa and WT G-CSF 

after intravenous administration in rats. 

Different groups of SD rats received intravenous 

injections of rhG-CSFa or WT G-CSF at three different 

doses (20, 50, and 100 μg/kg), and 12 serum 

samples were collected from each rat at time points 

between 0.08 to 12 h. Each point represents the 

mean of five animals. 

 

Figure 4.  Serum concentration of rhG-CSFa and WT G-CSF 

after subcutaneous administration in rats. 

Different groups of SD rats received subcutaneous 

injections of rhG-CSFa or WT G-CSF at three different 

doses (20, 50, and 100 μg/kg), and 12 serum 

samples were collected from each rat at time points 

between 0.08 and 12 h. Each data point represents 

the mean of five animals. 
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Table 1. Pharmacokinetic parameters of rhG-CSFa and WT G-CSF after intravenous administration in rats§ 

Drug AUC (ng·h/mL) CL (mL/h) Vc (L/kg) T1/2(α) (h) T1/2(β) (h) 

rhG-CSFa      

20 μg/kg 1 147.04±  482.00* 0.017±0.013 0.031±0.017 0.87±0.30* 2.81±0.90* 

50 μg/kg 2 437.53±  885.00* 0.015±0.013 0.027±0.005 0.78±0.20* 2.86±0.92* 

100 μg/kg 3 368.35±  947.00* 0.015±0.010 0.057±0.005 0.74±0.20* 2.71±0.79* 

WT G-CSF      

20 μg/kg 814.34±  146.00 0.025±0.019 0.036±0.009 0.23±0.15 2.27±0.80 

50 μg/kg 2 046.63±1 772.49 0.024±0.021 0.034±0.017 0.17±0.20 2.12±0.19 

100 μg/kg 2 743.73±1 035.00 0.036±0.028 0.014±0.003 0.40±0.20 2.21±0.20 

§: Plus-minus values are means±SD. 

AUC: area under the plasma concentration time curve; CL: clearance; Vc: volume of distribution of central compartment; T1/2(α): distribution 

half life; T1/2(β): elimination half life. 

*P<0.05 compared with the WT G-CSF group. 

 

Table 2. Pharmacokinetic parameters of rhG-CSFa and WT G-CSF after subcutaneous administration in rats§ 

Drug AUC (ng·h/mL) F Observed Cmax (ng/mL) T1/2
 (h) 

rhG-CSFa     

20 μg/kg 850.99±  79.93 0.742±0.303* 215.83±31.66* 3.56±0.69* 

50 μg/kg 1 631.18±212.99 0.669±0.241* 376.08±15.91*  3.64±0.32* 

100 μg/kg 1 766.57±377.36 0.524±0.398* 467.50±67.09* 3.56±0.31* 

WT G-CSF     

20 μg/kg 430.88±  47.79 0.529±0.327 122.33±12.33 2.73±0.36 

50 μg/kg 552.61±145.73 0.270±0.082 189.17±  7.64 2.41±0.49 

100 μg/kg 707.54±130.39 0.258±0.126 321.67±45.09 2.76±0.24 

§: Plus-minus values are means±SD. 

F: bioavailability; Cmax: maximum concentration; T1/2: half  life. 

*P<0.05 compared with the WT G-CSF group.  

 

DISCUSSION 

In this study, a sandwich ELISA method was used for 

detecting rhG-CSFa or WT G-CSF. This method was found 

to be up to 30 times more sensitive than the bioassay 

method previously reported.12 The pharmacokinetics of 

rhG-CSFa after intravenous or subcutaneous administra-

tion to SD rats were studied at doses of 20, 50, and 100 

μg/kg. For comparison, the WT G-CSF was studies in pa-

rallel. Results showed that for the intravenous route, the 

concentrations of rhG-CSFa or WT G-CSF in the plasma 

reached their peak values as soon as the drugs were dis-

tributed into blood, and the drugs were then slowly elim-

inated. In contrast, after the subcutaneous administration, 

the drugs were slowly absorbed from the injection site into 

blood, and the concentrations in rat plasma reached peak 

values at 1.5-2 hours after injection. No matter which 

administration route was selected, the maximum concen-

trations of rhG-CSFa were significantly higher than those of 

WT G-CSF. This increase in Cmax may be mainly due to the 

different elimination rates of the two drugs in rats. One of 

Figure 5.  Proteolytic rates of rhG-CSFa and WT G-CSF in whole 

blood and serum in vitro. 

The equations for the linear concentration-time cur- 

ves were as follows. 

Serum rhG-CSFa: y=－13.398x+961.44; 

Serum WT G-CSF: y=－19.548x+932.23; 

Whole blood rhG-CSFa: y=－10.212x+815.59; 

Whole blood WT G-CSF: y=－18.292x+833.56. 

The slopes of these curves indicate the rates of the 

proteolysis of rhG-CSFa or WT G-CSF in rat whole 

blood or in serum. 
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the clearance mechanisms of rhG-CSF in vivo was recep-

tor-mediated endocytosis and degradation by immature 

and mature neutrophils. This mechanism is expected to 

show high-affinity but low-capacity, and be saturated at 

doses≥10 μg/kg.8 Another mechanism may be nonspecific 

proteolytic degradation or excretion, which would be a 

high-capacity elimination mechanism and would not be 

saturated at a dose of 100 μg/kg. Since the administered 

doses of rhG-CSFa and WT G-CSF in this study were all 

higher than 10 μg/kg, the elimination mechanism in vivo 

for these two drugs may mainly involve the role of a series 

of proteases.  

There are many types of proteases in blood, which 

could degrade protein drugs such as G-CSF. In vitro pro-

teolytic assays showed that the degradation rate of 

rhG-CSFa in either serum or whole blood was slower than 

that of WT G-CSF, which indicates that rhG-CSFa has an 

enhanced stability compared with WT G-CSF. In whole 

blood, both rhG-CSFa and WT G-CSF were more slowly 

eliminated than in serum, probably due to the binding of 

rhG-CSFa or WT G-CSF to the target cells in blood. Thus, 

the significantly slower rate of rhG-CSFa degradation 

compared to that of WT G-CSF may also indicate that the 

binding ability of rhG-CSFa to its receptor is stronger than 

that of WT G-CSF. Overall, the results from both in vitro 

and in vivo studies suggested that rhG-CSFa had a slower 

clearance rate, a higher plasma concentration, and a 

longer half life. 

Since rhG-CSFa has enhanced stability in plasma, it 

has a better bioavailability than that of WT G-CSF. On the 

other hand, bioavailability of either rhG-CSFa or WT G-CSF 

actually decreased with the increase of drug doses. This 

result seems to be consistent with the previous report that, 

when counts of neutrophils in blood became higher than 

normal level, elimination of G-CSF would become faster, 

possibly resulting from a feed-back regulatory mechan-

ism.13  

The pharmacokinetic characteristics of rhG-CSFa sup-

port the design idea of this novel derivation. As a result of 

additional and site-directed mutagenesis, rhG-CSFa con-

tained four additional amino acids, which may enhance the 

binding ability of rhG-CSFa to its target receptors, and/or 

decrease its proteolytic degradation. In addition, native 

G-CSF contains five cysteine residues, with one cysteine 

residue (Cys 17) having a free sulfhydryl group. The pres-

ence of this cysteine residue may increase the frequency of 

mismatch between intra-molecular disulfide bonds, or for-

mation of oligomers through an inter-molecular disulfide 

bond, leading to the loss of the activity of recombinant 

G-CSF. In rhG-CSFa, the cysteine 17 was substituted with 

alanine, thus eliminating the aforementioned problems 

with disulfide bond formation. We believe that these two 

structural characteristics explain why rhG-CSFa had better 

therapeutic effects in pre-clinical studies.10  

In this study, we have confirmed that rhG-CSFa has a 

longer half life and better bioavailability than WT G-CSF. 

These findings provide the foundation for future mecha-

nistic studies aimed at the attainment of a better under-

standing of the factors that control the half life and de-

creased proteolytic degradation of rhG-CSFa. 
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