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Introduction 

Drug attrition in late phase clinical development or 

post-marketing stage causes a serious economic 

problem to the pharmaceutical industries [1] and 

unfavorable pharmacokinetic properties [2] are one of 

the major reasons for this. Therefore, optimizing 

pharmacokinetic parameters during early phase of 

drug development and identifying potential 

challenges with absorption, distribution, metabolism, 

and excretion (ADME) are prerequisite. Further, in 

disease conditions, important alterations in drug 

disposition, metabolism, and/or absorption occur 

compared to the healthy condition. In hepatic and 

renal impairment, the intrinsic capacity of the organs 

to metabolize/excrete drugs are compromised, and 

thereby affect the pharmacokinetics. Therefore, 

pharmacokinetics of drugs under these pathological 

conditions should be assessed in clinical studies to 

provide alternative dosing recommendations [3]. 

As majority of the drugs are eliminated by metabolism 

(mainly in the liver) and/or excretion (mainly via 

kidney), prediction of hepatic and renal clearances 

(Cl) is important in predicting their pharmacokinetics. 

For prediction of hepatic Cl, in vitro models 

comprising of liver microsomal preparations, isolated 

hepatocytes, 9000g supernatant (S9) fractions, liver 

slices or in situ gastrointestinal/liver single-pass 

perfusion preparations are generally used [2]. 

Abstract 

The study standardized the glycerol induced (intra-peritoneal and intra-muscular) acute renal failure (ARF) 

models in Sprague-Dawley rats and validated its potential to predict the change in pharmacokinetics of the 

selected probe drugs in renal impairment. We assessed the induction of ARF by measuring the serum 

creatinine and blood-urea-nitrogen (BUN) levels at different time points (baseline, 6 h, 12 h, 24 h, 48 h and 

72 h). Glycerol administrations via both intra-peritoneal and intra-muscular routes caused a significant 

increase in serum creatinine and BUN levels in rats at 6 h; however, the levels decreased within 24 h with 

intra-peritoneal administration. In contrast, with intra-muscular administration, a sustained increase in serum 

creatinine and BUN levels was observed up to 72 h post glycerol treatment demonstrating a sustained ARF 

like condition in rats that was suitable to evaluate the pharmacokinetics of drugs. Therefore, intra-muscular 

glycerol administration model was used to evaluate the pharmacokinetics of selected probe drugs including 

metformin, digoxin, atorvastatin and linezolid. The pharmacokinetics of metformin and digoxin were 

significantly altered in ARF versus control rats with increase in plasma exposure, prolonged elimination half-

life and decreased systemic clearance. However, the pharmacokinetics of atorvastatin and linezolid did not 

show significant differences between ARF and control rats. These results demonstrated the utility of the 

ARF model in rats in predicting pharmacokinetic changes in patients with renal impairment. Such models 

may prove useful in early discovery work to screen and prioritize compounds requiring dose adjustment in 

patients with renal impairment. 
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Although renal Cl in humans can be predicted using 

allometric scaling [4], the practical value of this 

approach is limited by the requirement of 

pharmacokinetic data in four to five animal species 

[5]. Further, the ability of this technique for accurate 

prediction of the renal clearance of a diverse set of 

drugs that exhibit both active secretion and net 

reabsorption is not also well known [6].  In absence of 

an in vivo mass balance study in humans, information 

on the renal Cl of a candidate drug might not be 

reliable. In this context, validated animal models in 

early drug discovery which could predict the 

possibility of a change in human hepatic or renal Cl in 

disease conditions, and thus affecting the 

pharmacokinetic profile help screen and prioritize 

compounds based on their potential for dose 

adjustment. 

Acute renal failure (ARF), occurs in approximately 5% 

of hospitalized patients where glomerular filtration 

rate (GFR) decreases over days to weeks resulting in 

reduction in excretion of nitrogenous waste leading to 

fluid and electrolyte imbalances [7]. Patients with ARF 

are often asymptomatic, and the condition is 

diagnosed by observed elevations of blood urea 

nitrogen (BUN) and serum creatinine levels. Because 

of lack of consensus on ARF definition, comparison 

between different types is difficult in critically ill 

patients [8]. Therefore, we aimed to optimize a rat 

model for ARF to predict the possibility of 

pharmacokinetic changes in patients with renal 

impairment. Among the various models used for ARF, 

glycerol-induced hemoglobinuria in rats [9]has been 

widely used model for ARF. The pathogenic 

mechanisms involved in glycerol-induced renal failure 

include ischemic injury, tubular nephrotoxicity caused 

by myoglobin, and the renal actions of cytokines 

released after rhabdomyolysis [10,11]. In 

appearance, distribution, and reversibility, the 

histologic lesions produced during disease induction 

closely resemble the lesions seen in the human 

kidney with ARF [12]. 

In this study, we standardized the glycerol induced 

ARF model in rats and validated its potential to predict 

the change in pharmacokinetics of the selected probe 

drugs in renal impairment. 

Materials and methods 

Chemical and reagents  

Glycerol, Metformin, Digoxin and Linezolid were 

procured from Sigma Aldrich, USA.  Atorvastatin was 

obtained as a gift sample from Dr Reddy’s Labs, 

Hyderabad, India. All the other chemicals were of 

analytical grade and were purchased from 

commercial suppliers. 

Experimental animals 

Male Sprague–Dawley (SD) rats of weight range 

200–250 g was procured from Piramal Enterprises 

Ltd, Goregaon, Mumbai and housed under ideal 

laboratory conditions (temperature 23–25°C, 12 h 

light/12 h darkness cycle, 45–55% relative humidity) 

and maintained on standard pellet diet and water 

libitum throughout the experimental period. The 

animals were deprived of water for at least 24 h 

before glycerol administration 

Experimental design 

The study was conducted in two phases.  

Phase I: In the initial phase of the study, we 

standardized the glycerol induced ARF model in SD 

rats. 

Phase II: In the second phase, we selected the 

suitable animal model of ARF for 

pharmacokinetic evaluation of drugs, and studied the 

pharmacokinetics of selected drugs. 

Phase I: Development of animal model (glycerol 

induced ARF in SD rats) 

Rats were deprived of water for 24 h prior and were 

divided into two groups (n=6 per group): Group 1 

received 50% (v/v) glycerol in 0.9% saline via intra-

peritoneal route (10 mL/kg), and Group 2 received 

50% (v/v) glycerol in 0.9% saline at a dose volume of 

10 mL/kg in divided doses via intra-muscular 

administration into the hind limbs under a light 

anesthesia with ether. These rats were studied up to 

72 h post glycerol treatment. To assess the degree of 

nephrotoxicity, serum creatinine and blood urea 

nitrogen (BUN) levels were measured with the 

standard spectrophotometric assay kits.  Blood 

samples were collected from both the groups at pre-

glycerol treatment, 6, 12, 24, 48 and 72 h post 

glycerol treatment.  

Phase II: Validation of the animal models 

Metformin, digoxin, atorvastatin and linezolid were 

selected as probe drugs to validate the glycerol 

induced ARF models. These probe drugs were 

selected on the basis of clinical data indicating that 

metformin and digoxin require dose adjustment in 

renal impaired patients while atorvastatin and 

linezolid do not require dose adjustment. 

Drug administration 

Metformin, digoxin, linezolid and atorvastatin were 

formulated in a 2.5 µL/mL Tween 80 and 0.5% methyl 

cellulose suspension (q.s.). The drugs were 

administered orally (10 mL/kg) at 10 mg/kg dose, to 
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control and ARF rats (n=4 per group).  Blood samples 

were collected through retro orbital sinus at pre-dose, 

and 0.5, 1.0, 2.0, 4.0, 8.0, 24.0, 36.0 and 48.0 h post-

dose.  Plasma drug concentrations were analyzed by 

LCMS/MS.  

Estimation of pharmacokinetic parameters 

Pharmacokinetic analysis was performed by non-

compartmental analysis using Winnonlin software 

(Version: 5.2.1) to determine plasma exposure (area 

under the plasma drug concentration-time curve 

[AUC]), half-life (t1/2), and Cl. 

Ethical approval 

The study was approved by Institutional Animal 

Ethics Committee (IAEC) and conducted in 

accordance with the Committee for the Purpose of 

Control and Supervision of Experiments on Animals 

(CPCSEA), India (1246/09/CPCSEA dated May 11, 

2009). 

Statistical analysis 

Data was analyzed using parametric test of student 

paired ‘t’ test with the help of Graph Pad® Prism 

software (Trial version). 

Results 

 Phase I: glycerol induced ARF in SD rats 

Serum creatinine and BUN were used to assess the 

degree of ARF induced by glycerol 

administration.  The values are shown in the Table 1.  

Mean serum creatinine levels (mg/dL) significantly 

(p0.05) increased from 0.68 at baseline to 0.98 at 6 h 

after intra-peritoneal administration of glycerol. 

Similarly, a significant (p0.05) increase in mean BUN 

levels (mg/dL) from 19.39 at baseline to 37.56 at 6 h 

post intra-peritoneal glycerol administration was also 

observed.  By the end of 24 h, both serum creatinine 

and BUN levels decreased and approached the 

baseline levels indicating a reversal in 

nephrotoxicity.  

Following glycerol administration via intra-muscular 

route, serum creatinine and BUN levels (mg/dL) 

significantly (p0.05) increased from baseline to 6 h 

post intra-muscular glycerol administration: mean 

serum creatinine levels increased from 0.51 at 

baseline to 1.00, and mean BUN levels increased 

from 12.54 at baseline to 26.26 post 6 h intra-

muscular glycerol administration. These levels 

(mg/dL) continued to increase up to 24 h post-

administration (at 24 h: serum creatinine, 1.62; BUN, 

42.58; p 0.05 vs baseline). The elevated levels were 

maintained at least for 48 h post glycerol 

administration.

Table 1: Serum creatinine and BUN levels in intra-peritoneal and intra-muscular glycerol treated groups 

Route of administration of glycerol 

Time (h) 
Intra-peritoneal Intra-muscular 

Serum creatinine (mg/dL) BUN (mg/dL) Serum creatinine (mg/dL) BUN (mg/dL) 

Baseline 0.68±0.05 19.39±4.03 0.51±0.10 12.54±3.39 

6 0.98* ±0.16 37.56* ±5.60 1.00*±0.24 26.26*±5.50 

12 0.76±0.09 35.50* ±4.46 1.11*±0.31 29.86*±5.39 

24 0.63±0.10 17.84±1.17 1.62*±0.30 42.58*±4.81 

48 0.60±0.06 15.03±1.51 1.34*±0.26 46.90*±6.08 

72 0.70±0.06 16.08±4.10 0.97*±0.26 27.48*±4.54 

All values are expressed as mean±SD (n=6); *significant (p <0> 

BUN, blood urea nitrogen; SD, standard deviation 

Phase II: validation of the intramuscular glycerol 

model 

As intra-muscular administration of glycerol showed 

significant and sustained increase in serum creatinine 

and BUN levels compared to control animals, which 

is suitable for evaluation of pharmacokinetics of 

drugs, we selected the intra-muscular glycerol model 

in phase 2 of our study for the validation of the model. 

There was a significant increase (p0.05) in mean 

plasma exposure (AUC0-t) to metformin and digoxin 

in animals with ARF (10361.6 and 3365.3 ng*h/mL, 

respectively) versus control (2592.2 and 1369.5 

ng*h/mL, respectively). The plasma drug 

concentration versus time profiles of metformin and 

digoxin in control and ARF animals are presented in 

Figures 1 and 2

https://www.mediresonline.org/article-processing-


 
Pharmacy and Drug Development 

How to cite this article:  Ramachandra Rao Sangana, Mallik Samarla (2022). Optimization and Validation of Glycerol-induced Acute Renal Failure Model in Rats in Predicting the 

Pharmacokinetics in Patients with Acute Renal Failure. Pharmacy and Drug Development. 1(1)                                                                                                                               Page 4 of 8 

 
Fig1: Plasma concentration of metformin in ARF and control groups

Fig 2: Plasma concentration of digoxin in ARF and control groups 

Further, a significant increase in t1/2 and decrease in 

plasma Cl of both drugs in ARF animals was 

observed compared to the control animals. The 

average t1/2 of metformin increased from 1.46 h in 

control animals to 7.1 h in ARF animals.  Similarly, the 

t1/2 of digoxin increased from 11.71 h in control 

animals to 21.35 h in ARF animals.  The mean 

plasma Cl (mL/min/kg) of metformin (15.69 vs. 63.29) 

and digoxin (40.7 vs. 112.5) decreased in ARF 

animals versus control animals (Table 2)

Table 2: Pharmacokinetic parameters of metformin and digoxin in control and ARF induced rat. 

Pharmacokinetic parameter 
Metformin Digoxin 

Control ARF Control ARF 

AUC0-t, ng*h/mL   2592.22±345.30 10361.59±2793.81* 1369.51±447.56 3365.28±1062.75* 

Cl, mL/min/kg   63.29±7.70 15.69±4.43* 112.53±29.60 40.72±8.33* 

t1/2, h   1.46±0.18 7.10±1.18* 11.71±2.31 21.35±8.01* 

All values are expressed as mean±SD (n=4). *Significant (p<0> 

ARF, acute renal failure; AUC, area under the curve; 

Cl, clearance; SD, standard deviation; t1/2, half life 

On the other hand, AUC0-t, Cl and t1/2 for both 

linezolid and atorvastatin were found to be 

comparable between ARF and control animals (Table 

3). 

Table 3: Pharmacokinetic parameters of linezolid and atorvastatin in control and ARF induced rats 

Pharmacokinetic 
parameter 

Linezolid Atorvastatin 

Control ARF Control ARF 

AUC0-t, ng*h/mL 19413.53±1490.09 19565.65±1394.80 665.83±107.97 608.62± 183.57 

Cl, mL/min/kg 8.60 ± 0.67 8.48 ± 0.60 246.37±38.31 277.68± 118.41 

t1/2, h 0.84 ± 0.12 1.07 ± 0.16 1.66 ± 0.35 2.18 ± 0.70 

All values are expressed as mean±SD (n=4).  

ARF, acute renal failure; AUC, area under the curve; Cl, clearance; SD, standard deviation; t1/2, half life 
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The plasma drug concentration versus time profiles 

of linezolid and atorvastatin in control and ARF 

animals     are presented in Figures 3 and 4. Acute 

renal failure is one of the most common pathological 

conditions and it affects the pharmacokinetics of 

drugs. So, in cases where the drug is likely to be 

administered in renal impaired patients, 

pharmacokinetics should be assessed in these 

special population patients to provide dose 

adjustments. Subsequently we validated the i.m 

glycerol induced ARF model by evaluating the 

pharmacokinetic parameters of both the classes of 

drugs that are prescribed with (metformin and 

digoxin) and without (atorvastatin and linezolid) dose 

correction in renal impaired patients in clinic.

 

Fig 3: Plasma concentration of linezolid in ARF and control groups 

 

Fig 4: Plasma concentration of atorvastatin in ARF and control groups

Discussion 

It is very important to understand the potential 

absorption, distribution, metabolism, and excretion 

challenges of new molecules at the early stages of 

drug discovery to minimize the attrition rate at the 

clinical development stage.  Acute renal failure is one 

of the most common pathological conditions and it 

affects the pharmacokinetics of drugs. So, in cases 

where the drug is likely to be administered in renal 

impaired patients, pharmacokinetics should be 

assessed in these special population patients to 

provide dose adjustments. 

There was a significant increase in serum creatinine 

and BUN levels within 6 h following intra-peritoneal 

and intra-muscular administration of glycerol; 

however, both these parameters decreased within 24 

h following intra-peritoneal administration, whereas 

with intra-muscular administration, a sustained 

increase was observed up to 72 h post glycerol 

administration. Therefore, intra-muscular 

administration of glycerol provided a sustained ARF 

in rats, which is suitable for evaluation of 

pharmacokinetics of drugs. 

Subsequently we validated the i.m glycerol induced 

ARF model by evaluating the pharmacokinetic 

parameters of both the classes of drugs that are 

prescribed with (metformin and digoxin) and without 

(atorvastatin and linezolid) dose correction in renal 

impaired patients in clinic. 

Metformin does not undergo hepatic metabolism, and 

approximately 90% of the absorbed drug is eliminated 

unchanged via the renal route. Metformin can 

accumulate to toxic levels in patients with renal 

impairment because of its greater systemic exposure 

in renal failure condition versus normal renal function. 

Therefore, dose adjustment is recommended in these 
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patients [13]. Digoxin, is primarily excreted as 

unchanged drug via renal route [14-16] and the t1/2 of 

digoxin gets prolonged in patients with renal failure 

[17] resulting in increased systemic exposure. 

Therefore, a dose correction is recommended in 

patients with renal impairment. 

In the current study, there was a significant increase 

(p<0> 

Of the total amount of linezolid in the body, only 30% 

was eliminated unchanged via the kidneys in humans 

[18], whereas a major part of the linezolid gets 

metabolized by oxidation of its morpholino ring, 

resulting in two metabolites: an aminoethoxy acetic 

acid metabolite (metabolite A), and a hydroxyethyl 

glycine metabolite (metabolite B) that was formed by 

nonenzymatic oxidation in an in vitro setting 

[19].  Linezolid had a total Cl of 7 L/h and a terminal 

elimination t1/2 of approximately 5 h in humans [20]. 

In patients with impaired renal function, no significant 

changes in total Cl were observed; thus, a dose 

adjustment was reported not to be necessary in this 

patient population [21]. 

Atorvastatin and its metabolites are eliminated 

primarily in bile following hepatic and/or extra-hepatic 

metabolism.  Mean plasma elimination t1/2 of 

atorvastatin in humans is approximately 14 hours 

[22].  Less than 2% of a dose of atorvastatin is 

recovered in urine following oral administration.  In 

patients with impaired renal function, no significant 

change in pharmacokinetics of atorvastatin is 

observed; thus, a dose adjustment was reported not 

to be necessary in this patient population [23]. 

In this study, no significant change (p <0> 

In order to understand the role of metabolizing 

enzymes in the Cl of drugs, several in vitro tools are 

available for predicting possible drug interactions due 

to competing pathways. Preclinical models with 

dosing of a pan-CYP inhibitor 1-aminobenzotriazole 

[25] have also gained wide acceptance in 

understanding the role of hepatic CYP450 enzymes 

in the Cl of drugs. In a similar manner, the intra-

muscular glycerol induced rat ARF model may have 

some utility in early drug discovery work to 

understand the potential for pharmacokinetic 

changes in renal impairment and especially for drugs 

which are cleared both by renal and hepatic routes. 

Conclusion 

In the present study, we optimized a rat model of ARF 

which can be used in early drug discovery stages to 

predict the possibility of pharmacokinetic changes of 

drugs in renal impaired patients. The results showed 

that intra-muscular administration of glycerol to rats 

provided a more sustained ARF model that is suitable 

to evaluate the pharmacokinetics compared to intra-

peritoneal route.  The results obtained from the 

pharmacokinetic studies of the selected probe drugs 

in the control and ARF rats are in correlation with the 

clinical data generated in renal impaired 

patients.  These results demonstrate the utility of ARF 

model in rats in predicting pharmacokinetic changes 

that may occur in patients with renal impairment. This 

model may prove useful in early discovery work to 

screen and prioritize compounds based on potential 

for dose adjustment requirement in renally impaired 

subjects. 
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