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Abstract:

Background: This study evaluates the pharmacokinetics (PK) and ocular disposition of paracetamol and paracetamol glucuronide

in diabetic rabbits.

Methods: Thirty two New Zealand rabbits were divided into four groups: control group (I, n = 8), control group with diabetes (II,

n = 8), rabbits with diabetes receiving paracetamol (III, n = 8), rabbits without diabetes receiving paracetamol (IV, n = 8). To induce

diabetes mellitus, alloxan was administrated intravenously (iv) in the dose of 90 mg/kg body weight (b.w.) to 16 rabbits (groups II

and III). Eight weeks post induction of the diabetic state, paracetamol was administrated via the ear vein at a dose of 35 mg/kg b.w. to

groups III and IV. Blood and aqueous (ocular fluid) samples were collected after drug administration. PK calculations were made

based on non-compartmental analysis.

Results: Significant differences were observed in PK of paracetamol between the studied groups. Lower value of the area under the

concentration – time curve and enhanced clearance of paracetamol were noted in the diabetic group. In the case of paracetamol glu-

curonide, the area under the concentration – time curve was also little lower; however, no changes in the elimination rate were ob-

served. Simultaneously, diminished ocular disposition of paracetamol was obtained in the diabetic group, whereas no changes were

noted according to the penetration of paracetamol glucuronide.

Conclusions: The PK as well as ocular disposition of paracetamol may be altered in non-treated diabetes mellitus The glucuronida-

tion does not seem to be the process responsible for these changes.
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Introduction

Intravenous (iv) paracetamol (also known as aceta-

minophen) is an analgesic and antipyretic agent, rec-

ommended worldwide as a first-line agent for the

treatment of pain and fever in adults and children. The

availability of iv paracetamol (Perfalgan™, Ofirmev™)

has greatly extended the use of this drug in the intensive

care setting. Furthermore, where evaluated, a 1 gram

dose of iv paracetamol generally showed similar anal-

gesic efficacy to a bioequivalent dose of propaceta-

mol, and a reduced need for opioid rescue medication

[2, 5]. Many diabetic patients develop complications

during the course of the disease, including cardiovas-

cular disorders, nephropathy and retinopathy. In dia-

betes, decreased plasma albumin level and changes in

the cytochrom P-450 contents were also observed.

Recently, diabetes mellitus has been found to increase

the in vivo activity of cytochrome P4502E1 in humans

[17]. Kim et al. demonstrated increased formation of

theophylline metabolites via CYP1A2 and CYP2E1

in diabetic rats [6]. The predominant pathways of

paracetamol formation are direct formation of glucu-

ronide and sulfate conjugates. A small amount of the

dose (less than 5%) is converted by the P450 system,

mainly CYP2E1 enzyme to the toxic reactive interme-

diate N-acetyl-p-benzoquinone imine (NAPQI) that is

rapidly inactivated by conjunction with glutathione.

In large doses, paracetamol can cause liver necrosis,

putatively through the formation of NAPQI [7].

CYP2E1 expression has been linked to the genera-

tion of specific pathological conditions, including al-

coholic and nonalcoholic liver disease. Diabetes is

commonly associated with the development of fatty

liver disease such as nonalcoholic steatohepatitis. Ke-

tones and other small organic molecules are both sub-

strates and inducers of CYP2E1. It has also been hy-

pothesized that the production of ketones by diabetics

would result in increased expression and catalytic ac-

tivity of CYP2E1 [1, 9, 15, 18]. Choi and Kim [4]

noted prolonged elimination half-life of oral diltiazem

in rabbits with diabetes mellitus and they concluded

that it could be due to renal impairment. Thus, the

pharmacokinetics (PK) of paracetamol may be poten-

tially altered as a result of diabetes mellitus.

Paracetamol is a neutral compound with a low mo-

lecular weight, which is rapidly distributed to all tis-

sues. Romanelli et al. [13] noted that acetaminophen

freely diffuses across the hemato-ocular barriers

reaching eye levels equal to those in plasma. It is

known that in diabetes retinal artery occlusion can oc-

cur and cause obstruction to the retinal circulation.

It would be interesting to determine whether diabe-

tes mellitus can change the PK profile of paracetamol

and its ocular deposition. Animal models of insulin-

dependent diabetes mellitus induced by administra-

tion of several chemicals, principally alloxan, strepto-

zotocin and zinc chelators, have been reported [10,

16]. In our study we used the alloxan model to exam-

ine the PK and ocular disposition of paracetamol and

its glucuronide in diabetic New Zealand rabbits.

Materials and Methods

Materials

Sodium sulfate anhydrous was purchased from Fluka,

Poland. Orthophosphoric acid (85%), acetonitrile and

2 M sodium hydroxide were obtained from Merck,

Poland and perchloric acid, theophyllinum, paraceta-

mol and paracetamol glucuronide were purchased

from Sigma-Aldrich, Poland.

Methods

All experimental procedures related to this study were

approved by the Local Ethics Committee of the

Poznan University of Medical Sciences. The animals

were housed individually in stainless steel cages un-

der controlled environmental conditions. Room tem-

perature and relative humidity were controlled at

20–22°C and 50–60%. New Zealand rabbits were

provided with 125 g of commercial pelleted diet/day

(Labofeed KB, Wytwórnia Pasz “Morawski”, Kcynia,

Polska) and tap water ad libitum.

Induction of diabetes mellitus by alloxan

Thirty two New Zealand rabbits (weighing 3.61 ± 0.64 kg)

were divided into four groups: control group (I, n = 8),

control group with diabetes (II, n = 8), rabbits with

diabetes receiving paracetamol (III, n = 8), rabbits

without diabetes receiving paracetamol (IV, n = 8).

Alloxan dissolved in normal saline was adminis-

tered iv via the ear vein at the dose of 90 mg/kg b.w.

to the overnight fasted 16 rabbits (group II and III).

An equal volume of 0.9% NaCl-injectable solution was
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administered iv to the controls. Every morning for 14

days, blood glucose was measured (Glucometer Accu-

Chek, Roche, Mannheim, Germany) and rabbits with

blood glucose levels grater than 300 mg/dl were cho-

sen as the diabetic model.

Plasma chemistry

Just before the administration of paracetamol and at

the end of the experiment, aspartate aminotransferase

(AST), alanine aminotransferase (ALT), serum creati-

nine, urea nitrogen, albumin, and glycosylated hemo-

globin (Hba1C) levels were measured in all the rab-

bits with an Architect CI8200 chemistry analyzer

(Abbott Laboratories Sp. z o.o., Poland). The rabbits

were fasting prior to taking the blood samples. Plasma

chemistry data are presented in Table 1.

PK studies

Eight weeks after the induction of diabetes, paraceta-

mol was administered iv via the ear vein at a dose of

35 mg/kg b.w. to group III and IV animals. Blood sam-

ples (approximately 1 ml) were collected via the cen-

tral auricular artery (22G catheter) using heparinized

tubes at 0, 5, 15, 30, 45, 60, 80, 100, 120, 180, 240

and 300 min following the drug administration. The

blood samples were centrifuged immediately after

collection and blood plasma was stored at –20°C until

assay.

Additionally, ocular disposition of paracetamol and

paracetamol glucuronide was studied. Ocular fluid

samples were collected at 0, 5, 15, 30, 45, 60, 120,

180, 240 and 300 min following the drug administra-

tion. For the ocular fluid sample collection, the rabbits

were slightly anesthetized with ketamine hydrochlo-

ride (50 mg/kg) and xylazine (10 mg/kg) intramuscu-

larly. Two samples at two different time points were

collected from each rabbit and finally for each time

point two values from two different rabbits were ob-

tained.

The concentration of paracetamol and paracetamol

glucuronide were assayed using a validated HPLC

analytical method with UV detection [3] and an ODS

Hypersil® C18 5 µm, 4.6 × 150 mm (Thermo Electron

Corporation, Marietta, Ohio, USA) column. The ana-

lytical method was fully validated prior to the analysis

of study samples. The limit of quantification was esti-

mated at 0.1 µg/ml. The within-day and between-day

coefficients of variation were less than 10%.

PK calculations were made based on non-com-

partmental analysis using WinNonlin 5.3 Professional

(Tripos® L.P.) program. AUC was calculated by

means of the linear trapezoidal method:

AUC(0–¥) = S[(Cn + Cn+1)/2(tn+1–tn)],

where Cn – concentration n; Cn+1 – next C-T curve

concentration; tn – observed Cn time; tn+1 – observed

Cn+1 time. AUMC was calculated with the linear

trapezoidal method:

AUMC(0–¥) = S[((Cn × tn) + (Cn+1 × tn+1))/2 × (tn+1–tn)].
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Tab. 1. The mean ± standard deviation plasma chemistry data in the control rabbits and rabbits with diabetes mellitus measured just before
the paracetmol administration (1) and after the end of the experiment (2)

Parameter Group I (1, 2) Group II (1, 2) Group III (1, 2) Group IV (1, 2)

ALT (U/I) 53.5 ± 11.7, 65.0 ± 35.4 92.8 ± 49.5, 137.0 ± 57.5 135.4 ± 70.9, 169.3 ± 69.1 75.0 ± 35.1, 69.6 ± 34.7

AST (U/I) 29.8 ± 15.3, 66.5 ± 84.0 98.2 ± 61.9, 178.3 ± 193.8 229.4 ± 154.6, 307.17 ± 225.3 47.4 ± 19.7, 62.1 ± 72.5

Urea (mg/dl) 52.3 ± 17.3, 47.5 ± 5.0 64.0 ± 14.7, 62.5 ± 12.9 71.8 ± 15.9, 72.7 ± 13.6 50.2 ± 7.6, 49.8 ± 14.3

Plasma cr. (mg/dl) 0.93 ± 0.05, 0.89 ± 0.09 1.05 ± 0.10, 1.18 ± 0.17 1.25 ± 0.13, 1.41 ± 0.13 1.17 ± 0.11, 1.28 ± 0.16

Plasma alb. (g/l) 53.5 ± 5.1, 66.8 ± 29.2 53.3 ± 6.0, 56.8 ± 1.8 51.8 ± 7.13, 53.0 ± 2.5 55.6 ± 4.8, 57.7 ± 4.69

Hba1C (%) 3.65 ± 0.46, 3.48 ± 0.50 6.63 ± 2.14, 6.65 ± 2.73 7.51 ± 1.75, 7.28 ± 1.84 3.57 ± 0.37, 3.68 ± 0.71

Glucose (mg/dl) 99.5 ± 8.8, 108.3 ± 12.1 460.3 ± 110.0, 419.2 ± 101.6 487.7 ± 76.8, 487.5 ± 83.5 112.0 ± 10.5, 119.7 ± 10.6

cr. – creatinine, alb. – albumin, I – control group (n = 8), II – control group with diabetes (n = 8), III – rabbits with diabetes receiving paracetamol
(n = 8), IV – rabbits without diabetes receiving paracetamol (n = 8)



Mean residence time of drug molecules in the body

(MRT) was also calculated using formula:

MRT(0–inf) = AUMC(0–¥)/AUC(0–inf).

Body clearance was calculated with the equation:

Cl = D/AUC(0–inf).

The volume of distribution was calculated using

the following formula: Vd = Cl / kel. The elimination

half-life (t1/2kel) was calculated with the last 4 points of

the curve for both the paracetamol and paracetamol

glucuronide. In the elimination phase of the drug t1/2kel
was calculated with the equation: t1/2kel = 0.693/kel.
The maximum plasma concentration (Cmax) and the

time to reach the maximum plasma concentration

(tmax) were obtained directly from the concentration –

time data. For the comparison of the ocular disposi-

tion of paracetamol and paracetamol glucuronide in

rabbits with and without diabetes, the concentrations

of paracetamol and paracetamol glucuronide in ocular

fluid were compared between the groups. Addition-

ally, the ocular fluid /plasma concentration ratio was

studied and AUC(0�t) for the ocular fluid concentra-

tion/time curve was calculated. All the data were pre-

sented as the mean ± SD and RSD% was also calcu-

lated. The differences in the values of pharmacoki-

netic parameters were analyzed by means of Student

t-test using PROC TTEST in SAS (SAS Institute Inc.

2002–2003. The SAS System for Windows version

9.1. Cary, NC 27513-2414 USA). The differences that

generated p values < 0.05 were considered statisti-

cally significant.

Results

According to plasma chemistry, the levels of AST, ALT

and plasma creatinine were elevated in diabetic rabbits
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Tab. 2. Pharmacokinetic parameters of paracetamol

Estimated parameters Healthy rabbits (mean ± SD) Diabetic rabbits (mean ± SD) p value

k
el

(1/h)

AUC
(0–¥)

(mg ´ h/l)

t
1/2kel

(h)

Cl (l/h)

V
d

(l)

V
d

(l/kg)

C
max

(mg/l)

t
max

(h)

MRT (h)

0.55 ± 0.10

40.35 ± 7.18

1.31 ± 0.24

3.52 ± 0.54

6.69 ± 1.80

1.70 ± 0.49

67.04 ± 9.11

0.083 ± 0.00

0.89 ± 0.13

0.43 ± 0.15

23.11 ± 3.98

1.76 ± 0.49

4.99 ± 0.89

12.33 ± 3.00

3.83 ± 0.87

50.96 ± 6.32

0.083 ± 0.00

0.95 ± 0.28

0.0702

< 0.001

0.0293

0.0008

0.0003

< 0.0001

0.0008

–

0.6523

SD – standard deviation, RSD% – relative standard deviation, kel – elimination rate constant, AUC(0�¥) – area under the plasma concentration-
time curve from zero to the time of last measurable concentration, t1/2kel – elimination half-life time, Cl – clearance, Vd – volume of distribution,
Cmax – maximum observed plasma concentration, tmax – time to reach maximum concentration, MRT – mean residence time

Tab. 3. Pharmacokinetic parameters of paracetamol glucuronide

Estimated parameters Healthy rabbits (mean ± SD) Diabetic rabbits (mean ± SD) p value

k
el

(1/h)

AUC
(0–¥)

(mg ´ h/l)

t
1/2kel

(h)

C
max

(mg/l)

t
max

(h)

MRT (h)

0.91 ± 0.26

348.15 ± 109.77

0.81 ± 0.21

234.62 ± 55.42

0.34 ± 0.13

1.12 ± 0.12

0.88 ± 0.29

248.97 ± 41.27

0.86 ± 0.27

193.37 ± 47.69

0.31 ± 0.12

1.06 ± 0.15

0.8549

0.0296

0.6808

0.1231

0.7275

0.4448



(Tab. 1). The Hba1C level and blood glucose were

also elevated in the diabetic groups, confirming

chronic diabetes mellitus. The PK of paracetamol and

paracetamol glucuronide are presented in Tables 2

and 3, as well as in Figures 1 and 2, respectively. Sig-

nificantly lower values of AUC(0–¥) and Cmax, higher

clearance and increased volume of distribution of

paracetamol were noted in the diabetic group (Tab. 2),

whereas in the case of paracetamol glucuronide,

AUC(0–¥) was the only parameter, which differed sig-

nificantly (Tab. 3). Table 4 shows the ocular disposi-

tion of paracetamol and paracetamol glucuronide. The

ocular disposition of paracetamol was diminished in

the diabetic rabbits, the AUC(0–t) values for the ocular

fluid concentration/time curve were of 12.73 and 7.55

mg × h/l for the healthy and diabetic rabbits, respec-

tively. On the contrary, in the case of paracetamol glu-

curonide no changes were noted. The AUC(0–t) values

for the ocular fluid concentration/time curve were of

21.97 and 23.25 mg × h/l for the healthy and diabetic

rabbits, respectively. To compare our results with the

ones obtained by Romanelli et al. [13], the ocular

fluid/plasma concentration ratios of paracetamol and

paracetamol glucuronide were calculated 30 min after
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Tab. 4. The concentrations of paracetamol and paracetamol glucuronide in rabbit aqueous (ocular fluid) matrix.

Paracetamol (mg/l) Paracetamol glucuronide (mg/l)

Time [h] Healthy rabbits Diabetic rabbits p value Healthy rabbits Diabetic rabbits p value

0.083

0.25

8.15

8.04 ± 0.01

4.45

5.93 ± 2.42

–

0.3428

0.40

0.95 ± 0.59

0.15

1.50 ± 0.69

–

0.4818

0.5

0.75

1

5.68 ± 1.07

3.49

4.98

2.71 ± 0.88

7.15

2.31

0.0937

–

–

6.15 ± 1.95

3.10

4.24

1.75 ± 0.42

6.52

4.79

0.0892

–

–

2 2.94 ± 0.49 0.92 ± 0.41 0.0466 10.69 ± 7.82 5.82 ± 0.45 0.4720

3 0.99 ± 0.76 0.47 ± 0.43 0.4883 3.93 ± 1.25 6.34 ± 1.43 0.2146

4

5

0.40 ± 0.09

0.15

0.24 ± 0.03

0.45

0.1398

–

1.83 ± 0.08

0.64

3.05 ± 0.06

5.30

0.0033

–

Aqueous (ocular fluid)/plasma concentration ratios of paracetamol and paracetamol glucuronide measured 30 min after iv paracetamol
administration*

Paracetamol

Paracetamol glucuronide

Healthy rabbits

1.05 ± 0.04*

0.019 ± 0.026*

Diabetic group

0.49 ± 0.0.05*

0.008 ± 0.001*

Romanelli et al. [13]

0.89

* The values obtained from rabbits No. 29 and 32 for the healthy group and from rabbits No. 21 and 24 for the diabetes group

Fig. 2. The concentrations of paracetamol glucuronide in rabbits
plasma after iv administration of paracetamol (35 mg/kg b.w.)

Fig. 1. The concentrations of paracetamol in rabbits plasma after iv

administration (35 mg/kg b.w.)



paracetamol administration (Tab. 4). The obtained re-

sults confirmed diminished ocular disposition of

paracetamol.

Discussion

Our aim was to examine the PK of paracetamol in dia-

betic rabbits. We used the alloxan model in our study

and we determined whether the hepatic function was

altered with the induction of experimental diabetes

mellitus. The activities of AST and ALT in the plasma

were extremely high in groups II and III when com-

pared to groups I and IV, showing altered hepatic

function in the rabbits with diabetes. Moreover, these

alterations tended to be greater after the end of the ex-

periment, as compared with the data obtained just be-

fore the first paracetamol administration (Tab. 1).

The kidney function was also studied in the disease

models, the plasma creatinine concentration in the

diabetic groups was higher in comparison with the

controls (Tab. 1). Also, urea concentrations were

slightly higher in group III. The Hba1C level was ele-

vated in groups II and III, confirming chronic diabe-

tes mellitus. According to the level of plasma albu-

min, no changes between groups changes were noted.

Despite the fact that the blood chemistry indicated ap-

parent alterations, blood glucose was consistently ele-

vated in groups II and III, indicating that experimental

diabetes was induced in the pre-treatment conditions

used in this study.

The mean plasma concentration-time profile of

paracetamol and paracetamol glucuronide obtained in

diabetic (III) and non-diabetic (IV) groups is pre-

sented in Figures 1 and 2, respectively. The t1/2kel of

paracetamol was slightly prolonged in the diabetic

group (Tab. 2) when compared to the healthy animals.

However, nearly double decrease in the AUC(0�¥) and

Cmax of paracetamol was noted in the diabetic rabbits

(group III) in comparsion with the healthy animals

(group IV), resulting in the higher value of total clear-

ance (Tab. 2). Consequently, the volume of distribu-

tion tended to be higher in the diabetic group. The

AUC(0�¥) of paracetamol glucuronide was also lower

in the diabetic group, however, no significant differ-

ences in the elimination half-life were noted when

compared to the healthy animals (Tab. 3). Thus, we

may conclude that elimination process is enhanced in

diabetes mellitus, however, the glucuronidation does

not seem to be the process responsible for these

changes. In the view of this fact, the oxidation process

may be suspected to play an important role in these al-

terations. As far as the ocular disposition is con-

cerned, lower values of the ocular fluid/plasma con-

centration ratios of paracetamol were obtained in the

diabetic rabbits (Tab. 4). Also, the paracetamol con-

centrations and consequently AUC(0�t) value were

lower in the diabetic rabbits (Tab. 4). On the contrary,

the values of AUC(0�t) of paracetamol glucuronide

were comparable in the diabetic and healthy animals

(Tab. 4). We compared our results with the ones ob-

tained by Romanelli et al. [13], who studied the ocular

disposition of acetaminophen and its metabolites fol-

lowing iv administration to rabbits (Tab. 4). The value

of the ocular fluid/plasma concentration ratio of

paracetamol obtained 30 min after iv administration

of the drug was 0.89 in the study by Romanelli et al.

[13], similarly to our results obtained in the healthy

animals (1.05). However, in the diabetic group the ra-

tio was much lower (0.49), indicating diminished

paracetamol penetration into the ocular fluid and

other aqueous tissues in diabetes mellitus.

It has long been known that acetaminophen is rap-

idly and uniformly distributed to all tissues. Similarly

to Romanelli et al. [13], we found that 30 min after iv

administration to the healthy rabbits, paracetamol is

present in aqueous fluid at levels equal to plasma

ones. However, different results were obtained in the

diabetic rabbits, indicating diminished ocular disposi-

tion of paracetamol in this group. Diabetic retinopa-

thy (DR), a microvascular complication of diabetes, is

a significant cause of acquired blindness worldwide.

Clinical manifestations of DR include a progression

to proliferative DR, followed by diabetic macular

edema, as a result of pathologic angiogenesis of reti-

nal blood vessels or leakage, respectively [8, 12]. In

diabetic retinopathy, it is well accepted that the

blood-retinal barrier leaks protein and fluid due to

a breakdown of the barrier integrity. However, the

permeability of the barrier to substances of different

molecular structure and weight is still an open ques-

tion [8]. In our study, the aqueous (ocular fluid)/

plasma concentration ratios of both paracetamol and

paracetamol glucuronide were diminished in the dia-

betic rabbits. The levels of paracetamol in ocular tis-

sues may be of clinical importance because high

doses of paracetamol have been shown to cause cata-

ract in mice in which cytochrome P450 had been in-

duced [11, 19]. Thus, the accumulation of NAPQI is

426 Pharmacological Reports, 2012, 64, 421�427



suspected to be responsible for cataract development.

Romanelli et al. [13] examined the ocular deposition

of paracetamol as well as paracetamol glucuronide

and sulfate in rabbits. They found that the percentage

of unidentified metabolites in aqueous (ocular) fluid

was much higher than in plasma, probably due to

a greater capability of these metabolites, with respect

to glucuronide and sulfate conjugates, to cross the

blood/ocular barrier. Moreover, oxidation itself may

take place in the eye since cytochrome P450 enzymes

have been found in some ocular tissues [14]. Con-

cerning this, the diminished levels of paracetamol and

paracetamol glucuronide obtained in our study may

be connected with both reduced penetration as well as

oxidation in the eye tissues. Thus, based on the results

of our study, we may not conclude about the risk of

NAPQI accumulation in the eyes due to diabetes mel-

litus. Further studies in this field are required with the

measurement of the levels of total and unmetabolized

paracetamol as well as various metabolites in both

plasma and ocular tissues.
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