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Abbreviations 

PNP: p-nitrophenol; PNP-G: p-nitrophenyl glucuronide; 
PNP-S: p-nitrophenyl sulfate; UGT: UDP Glucuronosyltrans-
ferase; HPLC: High-Performance Liquid Chromatography; RP-
HPLC: Reverse-Phase High-Performance Liquid Chromatog-
raphy; STZ: Streptozotocin; MRP: Multidrug Resistance Protein 

Introduction  

At the oral drug administration, after the intestinal 
absorption, the molecules fi rst reach the portal blood circulation 
and can be metabolized in the liver. A very important aspect 
of intestinal metabolism is its location, because this is the 
fi rst line at the site of entry, where exogenous compounds 
transform and can be excreted by the enterocytes back into the 
intestinal lumen [1,2]. Nevertheless, the organ with the most 
signifi cant metabolic capacity is the liver. 

P-nitrophenol (PNP) is excreted almost exclusively as its 

glucuronide (PNP-G) and sulfate (PNP-S) (Figure 1) conjugates 

in both mammals and birds [3,4]. Because of this simple and 

well-characterized metabolic profi le, PNP is widely used as 

a model substrate to evaluate the infl uence of drug therapy, 

disease, nutrient defi ciencies, and other physiologically altered 

conditions on conjugative drug metabolism (glucururonidation 
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Figure 1: Structure of p-nitrophenol (PNP), p-nitrophenyl ß-glucuronide (PNP-G), 
p-nitrophenyl sulfate (PNP-S). 
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and sometimes sulfation) in animal studies both in vitro and in 
vivo [5-7]. 

It needs to be mentioned that the conjugative drug 
metabolism occurs frequently at drug molecules containing 
a phenolic structural element, such as non–steroidal 
anti-infl ammatory drugs, steroids, thyroid hormones, 
antidepressants [8-11] 

In earlier investigations, it was concluded that diabetes 
mellitus, decreased glucose intolerance, resistance to insulin, 
and other hyperglycaemias caused by insuffi ciencies of 
the metabolism of glucose may alter the conjugative drug 
metabolism [12,13]. 

There is little data about the changes in the metabolic 
profi le of the small intestine under the condition of diabetes 
and during the replacement of insulin. It is known, however, 
that diabetes and insulin treatment can change the protein 
synthesis and elimination of some drugs. 

Diabetes can cause profound changes in the intrinsic 
synthetic processes, similar to those of insulin, applied in the 
replacement therapy. 

Materials and methods 

Chemicals 

p-nitrophenol (PNP), p–nitrophenol––glucuronide (PNP–
G), p-nitrophenol-sulfate (PNP–S), p-ethylphenol(ETP), 
streptozotocin (STZ), tetrabutyl-ammonium bromide( TBAB), 
uridine 5’-diphosphoglucuronic acid (UDPGA), prolonged-act-
ing isophane (NPH) insulin (Humulin N), Brij56®

,  HEPES, and 
DL-dithiothreitol were obtained from the Sigma Aldrich Com-
pany (Budapest, Hungary). All other chemicals and reagents 
were analytical or HPLC grade. The standard isotonic perfusion 
medium had the following composition (mmol/l): NaCl 96.4, 
KCl 7.0, CaCl2 3.0, MgSO4 1.0, sodium phosphate buffer (pH 7.4) 
0.9, TRIS buffer (pH 7.4) 29.5, glucose 14.0, mannitol 14.0. 

Animals and experimental procedure 

Male Wistar rats (weighing 220-250 g) were used. The 
animals were anesthetized with urethane (1.2 g/kg i.p.). The 
abdomen was opened by a midline incision, and a proximal 
jejunal loop (length about 10 cm) was isolated and cannulated 
in vivo. The lumen of the jejunal loop was gently fl ushed 
with warmed isotonic solution to remove digesta and food 
residues and then blown empty with 4-5 ml of air. Perfusion 
through the lumen of the jejunal loop with isotonic medium 
containing 500 μM PNP was carried out at a rate of 13 ml/min 
in a recirculation mode for 90 minutes. The volume of samples 
obtained from the perfusion medium coming out from the 
cannulated segments of the small intestine was 250 μl, and 
the initial perfusion volume was 15 ml. The temperature of the 
perfusion medium was maintained constant at 37 °C. (Figure 
2). When the biliary excretion was investigated, the bile duct 
was cannulated with PE-10 tubing, and the bile was collected 
in 15-minute periods. The samples were stored in a refrigerator 
(- 20 °C) until analysis. 

Experimental diabetes was induced by i.v. administration 
of STZ at a dose of 65 mg/kg. The experimental procedure was 
performed after one week of STZ-treatment. Prolonged-acting 
isophane (NPH) insulin was administered in a dose of 2x15 U/
kg subcutaneously (in the early morning and the early evening, 
respectively). Small intestinal perfusate, proximal jejunum, 
liver, and bile samples were obtained from the same animals of 
three different groups of rats (control, STZ-pretreated with or 
without insulin). Blood glucose measurements were performed 
two hours after the morning insulin administration. 

Analytical conditions, instrumentation 

The intestinal perfusate and bile samples were analyzed 
by a UV-Vis RP-HPLC method, as it was developed and 
published earlier (1, 3). Briefl y, 50 μl of bile samples was mixed 
and vortexed with cold methanol in a total volume of 250 μl 
containing 2.5 mM ETP as an internal standard. A mixture 
of 0.01 M citrate buffer (pH 6.2) and methanol (47:53 v/v%) 
containing 0.03 M tetrabutylammonium bromide was used as 
a mobile phase. The fl ow rate of the eluent was set to 1.0 ml.  
min-1. 

The HPLC system consisted of a Varian 2010 pump, a 
Rheodyne 7724i injection valve, a UV-Detector 308, for data 
collection and integration, a PowerChrom 280 data module, 
and software. 

A Nucleosyl 100 C18 reversed-phase column (250 mm x 4.6 
mm I.D., 10 μm particle size) and a TR-C-160K1 ODS guard 
column were employed for the separation and measurement 
of metabolites. 

UV measurements were performed on a Pye Unicam 
(Philips) PU 8800 UV-Vis spectrophotometer (Philips, 
Cambridge, UK) at ambient temperature. A Mettler Toledo MP 
220 pH meter and a Mettler Toledo Inlab 413 electrode (Mettler 
Toledo, Budapest, Hungary) were used to adjust the pH of the 
electrolyte solutions. 

Figure 2: The schematic description of the applied reperfusion experimental model.
Created with BioRender.com 
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Enzyme assay 

Enzyme assays were performed as it was published earlier 
[14] and as it is summarized in the following. 

UDP-glucuronyltransferase assay 

Organs (jejunal intestine, liver) were obtained from 
rats after perfusion, perfusion after STZ pretreatment, and 
perfusion after STZ pretreatment with prolonged-acting 
insulin supplementation. All the perfusions were made with 
500 μM PNP. Rats were gently dissected, and the removed 
organs were immediately frozen and stored at – 80 °C. 250 – 
500 mg of small intestine and liver chunks were cut into pieces 
and placed into 2.5 - 5 ml of cold (4 °C) homogenization buffer 
(250 mM sucrose, 1 mM DL-dithiothreitol, 10 mM HepesTris 
buffer pH 8). Organs were disrupted using an Ultra-Turrax 
homogenizer, and the homogenization was completed by a 
glass dunce homogenizer. 

After disruption, the organ homogenate was diluted with 
the homogenization buffer to have a protein concentration of 1 
mg/ml. Quantifi cation of protein was performed by the biuret 
assay [15]. 

UGT enzyme activity assays were carried out in an incubation 
mixture of 100 μl organ homogenate (1 mg/ml protein) and 100 
μl of incubation buffer (200 mM Tris-HCl, 10 mM MgCl2, 0.1 % 
Brij56®, pH 7.4) containing 2 mM PNP. Half of the incubates 
contained 5 mM UDPGA (uridine 5’-diphosphoglucuronic 
acid) in the total volume. After 30 min incubation at 37 °C, the 
reaction was quenched by adding 3.8 ml 0.1 M ice-cold NaOH, 
and the absorbance of the unconjugated PNP was measured 
at 405 nm. Specifi c UGT activity was calculated based on 
metabolized PNP and expressed in μmol PNP/mg/min. 

Calculations, statistical analysis 

Enzyme activities are expressed in the amounts of 
substrates or metabolites (in μmol at glucuronide and in nmol 
at sulfate) calculated for 1 mg protein and 1 minute (details in 
“Enzyme assays” and “Results”). 

The biliary excretion rate of PNP metabolites was calculated 
based on their concentration in the bile and the volume of the 
biliary fl ow. Data show the mean ± S.E. of fi ve experiments. 

Data were analysed by one-way ANOVA, and the signifi cant 
differences were calculated by Student’s t-test. 

All animal procedures were performed according to 
the Hungarian Animal Protection Act Scientifi c Procedures 
(Government Regulation 243/1998), and the study was 
approved by the Institutional Animal Care and Use Committee 
of the University of Pécs. 

Results and discussion  

The determination of the metabolites from the small 
intestinal perfusate and bile was performed using the 
isosocratic, validated RP HPLC UV-Vis methods, which were 
developed for the quantifi cation of paracetamol and its major 

metabolites (PNP-G and PNP-S) [16,17]. The intravenous 
streptozotocin pretreatment raised the blood glucose level to 
the diabetic range, and the applied prolonged-acting insulin 
held back this increase. This intervention has a slightly 
weaker effect on the blood glucose level than that of the acute 
intravenous administration of rapid-acting insulin in previous 
investigations [18].

With the prolonged-acting insulin, the daily one 
administration cannot compensate by a satisfactory degree 
the rising blood glucose levels. Among various combinations, 
the daily two (in 15 IU/kg) administrations became the most 
acceptable [19]. This inhibition has reduced the glucose levels, 
as shown in Figure 3. 

The p-nitrophenol disappears from the small intestine 
during the 90-minute-long experiment, and practically 
only the PNP-G is excreted back into the lumen. The STZ-
induced diabetes can increase the quantity of the PNP-G, 
while the PNP-S remains constantly on the edge or below the 
detectability. 

Earlier investigations reveal that experimental diabetes can 
signifi cantly infl uence the enzyme activities (primarily through 
disruptions in insulin signaling and metabolic homeostasis), 
differently in various tissues. The uridin glucuronyltransferase 
(UGT) enzyme shows a considerable expression in the small 
intestinal mucosa [20,21]. 

Experimental diabetes increases the formation of the 
excreted glucuronide in the small intestine, and the prolonged-
acting insulin continues this tendency (Figure 4). Earlier 
experiments with rapid-acting insulin show a reduction in 
the level of the excreted PNP-G [18], while the UGT activities 
exhibit similar patterns of alteration. Meanwhile, prolonged 
insulin exposure can intensify the activity and the expression 
of the MRP2 effl ux transporters [22,23]. 

In the bile, the PNP-G remains the dominant metabolite, 
the level of this excreted metabolite decreases due to the 
effect of the experimental diabetes, and these changes can be 
reversed by the effect of the prolonged-acting insulin. The 

Figure 3: Blood glucose level in control and streptozotocin pretreated (STZ) rats 
without or with insulin administration. Values represent the mean of ± SE of fi ve rats. 
Signifi cant difference from the control value: *, p < 0.05, **, p < 0.01.
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PNP-S is also detectable; its presence is also associated with 
diabetes, and this change cannot be turned back, or only partly 
(Figure 5). These changes correspond with observations at 
the rapid-acting insulin [24]. Surprisingly, in the cases of the 
insulin treatment, a measurable part of unmetabolised PNP is 
excreted into the bile. 

The activity of the UGT in the small intestinal homogenate 
increases due to the effect of the STZ pretreatment, and this 
increase can only partially be reversed by the effect of the 
prolonged-acting insulin (Figure 6). 

The activity of the UGT in the liver homogenate decreases 
due to the effect of the STZ pretreatment, and this increase can 
be fully reversed by the effect of the prolonged-acting insulin 
(Figure 7). 

The change of the activity of the UDP-glucuronyltransferase 
in the small jejunal perfusate, partly, while at the liver largely 
related to the excreted amount of PNP-G. 

Experimental diabetes can affect the protein content in 
the small intestine, too. After STZ pretreatment, the protein 

degradation increases; meanwhile, the administration of the 
prolonged-acting insulin can compensate for this change. 
In the liver, the protein content in none of the investigated 
groups showed a signifi cant alteration. In diabetes, the protein 
metabolism is frequently disrupted [25]. The prolonged 
action of insulin is associated with improvements in protein 
synthesis, particularly in individuals with metabolic disorders, 
such as diabetes (Figure 8). Moreover, the stimulation of 
protein synthesis by insulin is well-documented, with evidence 
indicating the involvement of protein kinase C (PKC) as a crucial 
mediator in this effect. Prolonged exposure to insulin has 
been linked to sustained activation of the mechanistic target 
of rapamycin (mTOR) pathway, which is pivotal in cellular 
protein synthesis and growth [26,27]. The administration of 
the prolonged action (isophan) insulin reverts the protein 
synthesis extent close to that of the control value; meanwhile, 
in the same arrangement, the UGT activity remains elevated 
(this elevation can be observed in the experiments with rapid-
acting insulin, too [18]. 

Figure 4: Cumulative luminal appearance of PNP-G in control and diabetic rats – 
without or with insulin replacement – after 90-minute luminal perfusion of isotonic 
medium containing 500 μM/L PNP. Values represent the mean of ± SE of fi ve rats. 
Signifi cant difference from the control value: **, p < 0.01, Signifi cant difference from 
the value of STZ-diabetic rats without insulin administration: #, p < 0.05.

Figure 5: Cumulative biliary excretion of PNP-G, PNP and PNP-S after the 90-min 
luminal perfusion of 500 μM PNP in untreated and diabetic rats without and with 
prolonged acting insulin administration. Signifi cant difference from the control 
value: **, p < 0.01. 

Figure 6: Activity of UDP-glucuronyltransferase of the small intestine in untreated 
and diabetic rats without or with insulin administration. Values represent the mean 
of ± SE of fi ve rats. Signifi cant difference from the control value: *, p < 0.05, **, p < 
0.01. 

Figure 7: Activity of UDP-glucuronyltransferase of the liver in untreated and diabetic 
rats without or with insulin administration. Values represent the mean of ± SE of fi ve 
rats. Signifi cant difference from the control value: **, p < 0.01. 
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Conclusion 

The recent fi ndings allow us to conclude that at the 
administration of a 500 μM dose of the PNP, the quantities 
of the excreted PNP-G metabolite mainly correlate with 
the enzyme activities in the small intestine and the liver, 
either. This process can be modifi ed by the prolonged-acting 
insulin with its effect on the protein (enzyme) synthesis and 
the elevated activity and expression of transporters (MRP2), 
especially in the small intestine. 
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