Scientia
Pharmaceutica
Article

The Relative Importance of the Small Intestine and
the Liver in Phase II Metabolic Transformations and
Elimination of p-Nitrophenol Administered in
Different Doses in the Rat
Attila Almási 1 , Pál Perjési 1, *
1
2

*

and Emil Fischer 2

Institute of Pharmaceutical Chemistry, Faculty of Pharmacy, University of Pécs, 7624 Pécs, Hungary;
almasi.attila@gytk.pte.hu
Institute of Pharmacology and Pharmacotherapy, Medical Faculty, University of Pécs, 7624 Pécs, Hungary;
emil.fischer@aok.pte.hu
Correspondence: pal.perjesi@gytk.pte.hu; Tel.: +36-72-503-536

Received: 9 August 2020; Accepted: 19 October 2020; Published: 2 November 2020




Abstract: Intestinal and hepatic function have been investigated in phase II metabolic reactions and
elimination of p-nitrophenol (PNP) in the rat. A jejunal loop was cannulated and recirculated with
isotonic solutions containing PNP in different concentrations (0, 20, 100, 500, 1000 µM). Samples
were obtained from the perfusate at given intervals. To investigate the metabolic and excretory
functions of the liver, the bile duct was cannulated, and the bile was collected. Metabolites of PNP
were determined by validated HPLC (high pressure liquid chromatography) methods. The results
demonstrated the relative importance of the small intestine and the liver in phase II metabolic
transformations and elimination of PNP. There were significant differences between the luminal
and biliary appearances of p-nitrophenol-glucuronide (PNP-G) and p-nitrophenol–sulfate (PNP-S).
The PNP-G appeared in the intestinal lumen at the lower PNP concentrations (20 µM and 100 µM) at
higher rate than in the bile. No significant difference was found between the intestinal and the biliary
excretion of PNP-G when PNP was administered at a concentration of 500 µM. However, a reverse
ratio of these parameters was observed at the administration of 1000 µM PNP. The results indicated
that both the small intestine and the liver might play an important role in phase II metabolic reactions
and elimination of PNP. However, the relative importance of the small intestine and the liver can be
dependent on the dose of drugs.
Keywords: p-nitrophenol; conjugation reactions; drug metabolism; dose-dependent elimination;
intestinal metabolism

1. Introduction
After administration, drug molecules must reach the site of action to be effective. Per os delivered
drugs during the pharmacokinetic processes, for example, can be inactivated by enzymes in the gut
wall cells and hepatocytes [1–4]. It is well known that the liver has a vital role in the biotransformation
of xenobiotics. However, some new experimental results demonstrated that the extrahepatic drug
metabolism could also be significant [4–8]. A particular aspect of intestinal metabolism is its location
at the site of the entry of xenobiotics. The metabolites of exogenous compounds formed in the
small intestine can be excreted by enterocytes back into the intestinal lumen and, after that, can be
discharged with the feces [9,10]. Enterocytes express several metabolic enzymes that are also found in
the liver, including, e.g., UDP-glucuronyltransferases, sulfotransferases, esterases, and cytochromes
P450 [11–18].
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Earlier, we investigated the intestinal disappearance as well as the intestinal and hepatic phase II
metabolism of p-nitrophenol in control and STZ-treated experimental animals [19–23]. p-Nitrophenol
(PNP) was used as a model compound because it is well known that that PNP is metabolized
almost exclusively by phase II metabolic reactions, namely by conjugation with glucuronic acid and
sulfate [19,24–28], to form the metabolites p–nitrophenyl glucuronide (PNP-G) and p–nitrophenol
sulfate (PNP-S). It was demonstrated that excretion of PNP-G into the small intestine gradually
decreases towards the terminal ileum, being the highest in the proximal jejunum. On the contrary,
the excretion of PNP-S was found to be slightly increased in the same direction. Furthermore, it was
found that increasing the concentration of PNP in the small intestine perfusate results in saturation of
excretion of the PNP-G metabolite into the perfusate [20].
4-Nitrophenol is used mainly to manufacture drugs, fungicides, and dyes, and to darken leather.
Small amounts of the two substances can be found in the air, water, and soil. Therefore, breathing air,
drinking water, and eating foods grown in soils that contain these substances can expose an individual
to them. Some people may be exposed to higher than background levels of nitrophenols. Workers who
produce or process these chemicals may be exposed to higher doses, particularly during spills or
accidents. The reported LD50 values of the per os administered PNP to rats are 230 and 620 mg/kg/day.
The cause of death was not indicated in any of these studies [28].
As a continuation of our earlier investigation, the present study was designed to investigate the
intestinal and hepatic metabolism of PNP in the same experimental animal. Using this experimental
protocol, we aimed to collect simultaneous data on the amount of PNP and its two phase II conjugates
excreted to the small intestine by the gut epithelium and the liver (through the bile). The parent
compound and the metabolites were determined by our previously developed, validated HPLC
methods [19,22,23,29,30].
Exposure to PNP can occur in a wide range of subtoxic and toxic doses. Data on humans
relevant to assessing its potential adverse effects are limited to some patch tests [31]. Thus, a direct
relationship between the results of the animal experiments and the possible human hazard is not
known at present [28,31]. In the present experiments, PNP was used in different concentrations
(0 µM, 20 µM, 100 µM, 500 µM, and 1000 µM) in the luminal perfusion medium to compare the dose
dependency of conjugation reactions and elimination (luminal appearance and biliary excretion) of
PNP and its two conjugates in the same animal. Selection of the perfusate concentrations refers to low
(0.014 mg and 0.070 mg) and high (0.35 mg and 0.70 mg) per os PNP administrations. The highest
perfusate concentration (1.0 mM) refers to about an eightieth of the gastric juice concentration
(82.7 mM) of the lower reported per os LD50 value of PNP (considering a 5 mL volume of gastric
juice) [32]. The selected doses ensure a lack of acute toxic effects in the investigated organs during
the experiments. Furthermore, the therapeutic dose of several phenolic drugs (e.g., estrons [33],
capsaicinoids [34]), and the monomer flavonoid content of individual foods [35], fall into the
range of our selected concentrations. PNP, having a simple—almost exclusively glucuronide- and
sulfate-forming—metabolic profile, seems to be a proper model compound to investigate the relative
importance of these two phase II metabolic pathways in the set concentration range.
2. Materials and Methods
2.1. Chemicals
p-Nitrophenol (PNP), the monopotassium salt of p-nitrophenol-glucuronide (PNP-G),
p-nitrophenol-sulfate (PNP-S), p-ethylphenol (ETP), and tetrabutylammonium bromide (TBAB) were
obtained from Sigma-Aldrich (Budapest, Hungary). All other chemicals and reagents were analytical
or HPLC grade.
The standard isotonic perfusion medium had the following composition (mM): 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.

Sci. Pharm. 2020, 88, 51

3 of 14

2.2. Animals and Experimental Procedure
The experiments were performed according to the protocol used before [19–23,29,30]. Male Wistar
rats (weighing 220–250 g) were used. The animals were fasted 18–20 h prior to the experiments;
water was provided ad libitum. The animals were anesthetized with urethane (1.2 g/kg, i.p.).
The abdomen was opened by a mid-line incision, and a jejunal loop (distance from the duodeno-jejunal
flexure of about 15 cm; length of the jejunal loop of about 10 cm) was “in vivo” isolated and cannulated
at its proximal and distal ends. Body temperature was maintained at 37 ◦ C using a heat lamp.
The lumen of the jejunal loop was gently flushed with warmed isotonic solution to remove digesta
and food residues and then blown empty with 4–5 mL air. Perfusion through the lumen of the jejunal
loop with isotonic medium containing PNP in different concentrations (0 µM, 20 µM, 100 µM, 500 µM,
and 1000 µM) was carried out at a rate of 13 mL/min in a recirculation mode for 90 min. The volume
of the samples obtained from the perfusion medium flowing out of the jejunal loop was 250 µL;
the initial volume of the perfusate was 15 mL. The temperature of the perfusate was maintained at
37 ◦ C. For investigation of the biliary excretion rate, the bile duct was cannulated with a PE-10 tubing
and the bile collected in 15 min periods. Bile flow was measured gravimetrically, assuming a specific
gravity of 1.0. Biliary excretion was calculated as the product of the concentration in bile and bile flow.
Each experimental group had eight animals. The collected samples were refrigerated (−20 ◦ C)
until analysis.
2.3. Sample Analysis
2.3.1. Instrumentation
The HPLC system consisted of a Varian 2010 pump (Varian, Palo Alto, CA, USA), a Rheodyne
7724i injection valve (Rheodyne, Northbrook, IL, USA), and a UV-Detector 308 (Labor MIM, Budapest,
Hungary) detector. For data collection and integration, a PowerChrom 280 data module and software
(eDAQ Europe, Warsaw, Poland) were used. A Nucleosil 100 C18 reversed phase column (250 mm ×
4.6 mm I.D., 10 µm particle size) (Phenomenex, Torrance, CA, USA) and a TR-C-160K1 ODS guard
column (Teknokroma, Barcelona, Spain) were employed in the HPLC measurements.
UV–Vis measurements were performed on a Pye Unicam 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 adjusting the pH of the
electrolyte solutions.
2.3.2. Analytical Conditions
The small intestine perfusate samples were analyzed by a UV–Vis RP-HPLC method developed
and published earlier [29]. Briefly, the mobile phase consisted of methanol and distilled water
(50:50 v/v%) containing 0.01 M TBAB. The perfusates were vortexed and centrifuged at 3000× g for
10 min before the analysis. The flow rate of the eluent was 1.2 mL/min.
The bile samples were analyzed by an RP-HPLC method with UV–Vis detection as was developed
and published earlier [30]. Briefly, 50 µL of bile sample were mixed and vortexed with cold methanol
in a total volume of 250 mL 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 flow rate of the eluent was 1.0 mL.min−1 .
In both analytical methods, the volume of the samples was 20 µL, and the detection was effected
at 290 nm because this wavelength proved to be optimal for the simultaneous measurement of
PNP, PNP-G, and PNP-S. Before the analysis, the temperatures of samples were allowed to rise to
ambient temperature.

The luminal appearance and the biliary excretion of PNP metabolites (PNP-G, PNP-S) were
calculated on the basis of their concentrations in the perfusion medium and the bile, and the
corresponding volumes of the perfusion solution and the bile, respectively. At mass–volume
conversion of the bile samples, 1 g/cm3 was considered [36]. The data show the average values ± S.D.
of eight experiments. Significant differences were calculated by a two-sample Student’s t-test.
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This figure shows that the amount of PNP rapidly and continuously decreased in the intestinal
During the perfusion of the 500 µM PNP solution, the PNP metabolites (PNP-G, PNP-S)
perfusion medium. The disappearance of PNP from the luminal perfusion medium can be explained
appeared in the intestinal lumen. The appearance of PNP-G increased linearly in 90 min of the
by the intestinal absorption and metabolism of the parent compound (PNP). A similar convex curve
perfusion period. The PNP-S—as expected—appeared in the intestinal lumen in a much lower
characterized the luminal disappearance of capsaicin and dihydrocapsaicin (other phenolic xenobiotics)
amount. The result is in agreement with the known biochemical difference (low affinity–high
from the intestinal perfusate under similar experimental conditions [37].
capacity vs. high affinity–low capacity, respectively) of the two competing phase II metabolic
pathways.
(Figure
2). of p-Nitrophenol-Glucuronide (PNP-G) and p-Nitrophenol–Sulfate (PNP-S) in the
3.2. Luminal
Appearance
Small Intestine Measured in 90 min Perfusion of 500 µM PNP
During the perfusion of the 500 µM PNP solution, the PNP metabolites (PNP-G, PNP-S) appeared
in the intestinal lumen. The appearance of PNP-G increased linearly in 90 min of the perfusion period.
The PNP-S—as expected—appeared in the intestinal lumen in a much lower amount. The result is in
agreement with the known biochemical difference (low affinity–high capacity vs. high affinity–low
capacity, respectively) of the two competing phase II metabolic pathways. (Figure 2).
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3.3. Biliary Excretion of PNP-G and PNP-S Measured in 90 min Perfusion of 500 µM PNP in the Small
Small Intestine
Intestine (Proximal Jejunum)
Under the same experimental conditions (intestinal perfusion of 500 µM PNP solution), the PNP-G
Under the same experimental conditions (intestinal perfusion of 500 µM PNP solution), the PNPand PNP-S metabolites were excreted into the bile as well (Figure 3). The biliary excretion rate of
G and PNP-S metabolites were excreted into the bile as well (Figure 3). The biliary excretion rate of
PNP-G, similar to its intestinal appearance, was significantly higher than that of the PNP-S. The course
PNP-G, similar to its intestinal appearance, was significantly higher than that of the PNP-S. The
of the respective curves in the intestinal perfusate and the bile is similar. It is a remarkable finding,
course of the respective curves in the intestinal perfusate and the bile is similar. It is a remarkable
at this perfusate concentration, that the amount of the excreted PNP-S is much higher in the bile than
finding, at this perfusate concentration, that the amount of the excreted PNP-S is much higher in the
in the intestinal perfusate. On the other hand, the amounts of PNP-G in the two fluids are similar
bile than in the intestinal perfusate. On the other hand, the amounts of PNP-G in the two fluids are
(see also Figures 5 and 6).
similar (see also Figures 5 and 6).
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3.4. Biliary Flow Measured in Control and PNP-Perfused Rats Measured in 90 min Perfusion of 500 µM
in the Small Intestine
PNP in the Small Intestine (Proximal Jejunum)
The biliary flow rates in control and PNP-perfused rats measured in a 90 min perfusion of 500 µM
The biliary flow rates in control and PNP-perfused rats measured in a 90 min perfusion of 500
PNP in the small intestine are demonstrated in Figure 4. The bile production was relatively constant
µM PNP in the small intestine are demonstrated in Figure 4. The bile production was relatively
(0.23 mL/15 min period) in the control rats and was not changed significantly during the biliary
constant (0.23 mL/15 min period) in the control rats and was not changed significantly during the
excretion of PNP-G and PNP-S. These results show that the luminal perfusion of PNP did not influence
biliary excretion of PNP-G and PNP-S. These results show that the luminal perfusion of PNP did not
the bile production of the liver.
influence the bile production of the liver.
The cumulative luminal appearance and the biliary excretion rate of PNP-G and PNP-S are
demonstrated in Figures 5 and 6, respectively. Data refer to the amounts of PNP-G and PNP-S
measured over 90 min of luminal perfusion of PNP in different concentrations (20 µM, 100 µM, 500
µM, and 1000 µM) of PNP.
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Figure 5 illustrates the cumulative luminal appearance and biliary excretion of PNP-G in the
and 1000 µM) of PNP.
same figure and at the same scale, allowing for an adequate comparison of the metabolic and
excretory function of the small intestine and the liver. As can be seen, at the lower PNP concentrations
(20 µM and 100 µM), the luminal appearance of PNP-G exceeded the biliary excretion of this
metabolite; however, at the 500 µM PNP concentration, no significant difference was found between
these values. Moreover, when the PNP concentration was further elevated (up to 1000 µM), the biliary
excretion of PNP-G was significantly higher than the luminal appearance of the PNP-glucuronide.
These results suggest the saturability of the luminal appearance of PNP-G; however, the biliary
excretion showed a continuous and dose-dependent increase while the perfused PNP concentration
was elevated up to 1000 µM.
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Figure 5. Cumulative luminal appearance (♦) and biliary excretion (■) of PNP-G measured in 90 min
perfusion of 20 µM, 100 µM, 500 µM, and 1000 µM PNP in the small intestine (proximal jejunum).
Values represent the mean ± S.D. of eight rats. Significant difference between the values of luminal
appearance and biliary excretion of PNP-G: * p < 0.05; ** p < 0.01.
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3.6. Cumulative Luminal Appearance and Biliary Excretion of PNP-S Measured in 90 min Perfusion of 20
µM, 100 µM, 500 µM, and 1000 µM PNP in the Small Intestine (Proximal Jejunum)
Figure 6 demonstrates the cumulative luminal appearance and the biliary excretion of PNP-S
under the same experimental conditions as was mentioned with data of Figure 5.
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function of the small intestine and the liver. As can be seen, at the lower PNP concentrations (20 µM
and 100 µM), the luminal appearance of PNP-G exceeded the biliary excretion of this metabolite;
however, at the 500 µM PNP concentration, no significant difference was found between these values.
Moreover, when the PNP concentration was further elevated (up to 1000 µM), the biliary excretion of
PNP-G was significantly higher than the luminal appearance of the PNP-glucuronide. These results
suggest the saturability of the luminal appearance of PNP-G; however, the biliary excretion showed a
continuous and dose-dependent increase while the perfused PNP concentration was elevated up to
1000 µM.
3.6. Cumulative Luminal Appearance and Biliary Excretion of PNP-S Measured in 90 min Perfusion of 20 µM,
100 µM, 500 µM, and 1000 µM PNP in the Small Intestine
Figure 6 demonstrates the cumulative luminal appearance and the biliary excretion of PNP-S
under the same experimental conditions as was mentioned with data of Figure 5.
It can be seen that PNP-S appeared in a considerably lower amount in the intestinal lumen than in
the bile. In contrast to the dose-dependent increase in the biliary excretion of the sulfate metabolite
(PNP-S), the luminal appearance of PNP-S remained at a relatively low level even at higher PNP
concentrations. The results are in agreement with the previously demonstrated quantitative difference
between the differences between the intestinal and biliary excretions of PNP-S, which were statistically
significant at each PNP concentration.
4. Discussion
p-Nitrophenol has been reported to be effectively absorbed from the small intestine [20–22,29].
To obtain comparable data on the intestinal absorption as well as intestinal and hepatic metabolism
from the same animals, HPLC–UV–Vis determination of the disappearance of PNP from the small
intestine (proximal jejunum) was carried out. As shown in Figures 1 and 2, the luminal amount of PNP
decreased rapidly and continuously, and PNP-G and PNP-S metabolites appeared in the lumen of the
in vivo isolated jejunal loop. At the same time, both PNP-G and PNP-S were also excreted into the bile
(Figure 3).
The appearance of the glucuronide metabolite in the perfusate is in accordance with the results of
our previous investigation with capsaicinoids [37]. On the contrary, results with ibuprofen—an NSAID
with carboxyl moiety—showed no respective glucuronide in the perfusate [38]. The explanation of these
differences can be rationalized by previous results, which demonstrated that the conjugation reaction
on the carboxyl moiety with glucuronic acid is mediated by UGT2B1 (UDP-glucuronosyltransferase
2B1), in the rat [39]—UGT2B7 in humans [40]—which is expressed at an insignificant level in the
rat small intestine. On the contrary, formation of the phenol–glucuronide conjugates is presumably
associated with the preference of the UGT1A1, UGT1A6, and UGT1A8 isoforms, which catalyze
ether-O-glucuronidation reactions [41,42].
Luminal appearance and biliary excretion of the PNP-G and PNP-S metabolites were investigated
with experiments with different PNP concentrations (20 µM, 100 µM, 500 µM, and 1000 µM) in the small
intestinal perfusate. These experiments demonstrated dose-dependent changes in the relative luminal
appearance of PNP-G. At the lower PNP concentrations (20 µM and 100 µM), the luminal appearance
of PNP-G was higher than its biliary excretion. However, while elevating the substrate (PNP) supply,
the luminal appearance of PNP-G tended to be saturated: at a 500 µM PNP concentration, there was no
significant difference between the intestinal and biliary excretion of PNP-G. Furthermore, at the 1000 µM
PNP concentration, the biliary excretion exceeded the luminal appearance of PNP-G. Theoretically,
excretion of the PNP-G (and the PNP-S) metabolites formed in the small intestine to the bile cannot be
excluded. In our earlier study, it was demonstrated that the activity of UDP-glucuronyltransferase
and sulfotransferase (SULT) was about three times higher in the rat liver than in the small intestine.
The activity of the β-glucuronidase was about six times higher and that of the of the arylsulfatase,
which was approximately seven times greater in the liver than in the small intestine [21]. Taking into
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consideration these experimental data, it can be concluded that most of the PNP-G and the PNP-S
conjugates excreted to the bile are formed in the liver. Further experiments are needed to obtain a
more detailed quantitative aspect of the question.
The luminal appearance of PNP-S was lower than the biliary excretion of the sulfate conjugate
and showed a tendency to saturation. However, the biliary excretion of the sulfate metabolite was
increased with elevation of the PNP concentration of the perfusate. Similar to our results, different rates
of sulfation were measured by other authors in the human liver and intestinal cytosol with various
drugs [2].
These results demonstrate that in contrast to the saturability of the metabolic and excretory
function of the small intestine, the hepatic elimination of PNP-glucuronide is continuously elevated
with the increasing concentrations (20–1000 µM) of the luminally perfused PNP. Similar results were
also found by other authors while investigating glucuronidation of drugs by the human liver and
intestinal microsomes [12,13,43].
Activity and expression of the relevant metabolic enzymes (glucuronyl transferases/glucuronidases
and sulfotransferases/sulfatases) and transporters are different in the two organs. The main UGT
isoforms expressed in the rat liver and intestine are UGT1A1, UGT1A6, UGT1A7, and UGT1A8 [44,45].
In rats, the PNP-dependent UGT activity of the liver has been reported to be about ten times higher than
that of the different segments of the small intestine [46]. In rodents, cytosolic sulfotransferases are present
in the liver, gut, adrenal, kidney, lung, skin, brain, and other extrahepatic tissues. The overall expression
level of SULTs in the intestine, however, is much lower than that in the liver [47]. In published reports,
many glucuronide conjugates were demonstrated to be substrates of ATP-dependent efflux (ABC)
transporters, including breast cancer resistance protein (BCRP) and multidrug resistance-associated
protein (MRP) 1/2/3/4 [48–51]. These efflux transporters function as efflux pumps to extrude intracellular
conjugates and facilitate their excretion into the lumen and bile or uptake into the blood. BCRP and
MRP2, which can transport glucuronide conjugates into the lumen and the bile, are rather non-selective
transporters and accept most of the glucuronides. The expression of MRP2 is higher in the liver
than along the intestine. [52,53]. Besides glucuronide conjugates, BCRP can also transport sulfate
conjugates. The kinetics of the metabolic enzymes and the transport of most of the substrates follows
the Michaelis–Menten kinetics [54]. Accordingly, the observed differences could be the result—at
least partially—of the different local concentrations of the substrate (PNP) in the enterocytes and
the hepatocytes.
Another aspect of the concentration-dependent differences in the metabolic and excretory function
of the small intestine and the liver is the microsomal uncoupling effect of PNP [55]. Both conjugation
reactions, as well as the transportation of the metabolites, are ATP-dependent processes. Since the local
concentration of PNP is higher in the epithelial cells of the small intestine than in the liver, the higher
PNP concentrations (500 µM and 1000 µM) have a higher impact on the ATP-dependent metabolic
transformations and transportations in the small intestine. Since glucuronidation has a much higher
capacity than sulfation, the changes are more highly expressed in the glucuronidation processes.
These results indicate that both the small intestine and the liver can conjugate PNP with glucuronic
acid and sulfate. Our data show that at the lower doses (20 µM and 100 µM), the small intestine
can rapidly and efficiently metabolize PNP to form PNP-G and PNP-S. At these concentrations,
the luminal appearance of PNP-G was higher than its biliary excretion; i.e., at the 20 µM and 100 µM
PNP concentrations, the metabolic activity of the small intestine is more important than that of the
liver. In our experimental protocol, the data of the luminal appearance of the conjugates represent only
the function of the cannulated jejunal loop (length about 10 cm). In contrast, the biliary excretion rate
indicates the metabolic function of the whole liver. On the other hand, when the concentration of PNP
was elevated (500 µM and 1000 µM), and the luminal appearance of PNP-G tended to be saturated,
the relative metabolic activity of the liver became more pronounced, and the biliary excretion of PNP-G
exceeded its luminal appearance.

Sci. Pharm. 2020, 88, 51

11 of 14

Formation of phenyl glucuronides and phenyl sulfates are generally considered to be detoxification
processes [56]. As our present and previous results [22,23,29,30,34] demonstrate, the formed phenol
conjugates can be reexcreted into the gastrointestinal system both by the liver and the small intestine.
At the lower PNP concentrations (up to 500 µM), a higher fraction of the absorbed dose is reexcreted
into the small intestine in the PNP-G form. Accordingly, reduction of the phenolic drug’s dose results
in its lower bioavailability. Furthermore, the glucuronide and the sulfate conjugates of phenolic
drugs can be hydrolyzed by gut microbial glucuronidases and sulfatases. Acetylases, methylases,
and glucuronidases are particularly widespread in the gut microbiome, as they are a rich carbon
source for energy metabolism. Accordingly, the phenolic drugs with high efficacy and potency—after
reactivation of the gut microbiome—can exert their (desired or undesired) effects on the lower part
(colon) of the gastrointestinal system [57].
5. Conclusions
Our investigations showed—although the liver has the highest metabolic capacity—the intestinal
metabolism to have significance in the case of substrates (drugs) that can be glucuronidated and
sulfated. Such metabolic transformations have higher impact on the biotransformation of drugs applied
in low doses. Under such conditions, the formed phenolic metabolites can be effectively excreted
back to the small intestine, resulting in a low bioavailability of the pharmacons. Using the same
drug in somewhat higher concentrations, however, the metabolic capacity of the enterocytes can be
saturated, allowing a higher portion of the dose to reach the liver. The enzyme activities, the types and
localizations of transporters, and the integrity of the ATP required processes are also able to influence
the metabolized and excreted amounts of substrates. These data draw attention to the importance of
the metabolic activity of the small intestine whose effect can result in different pharmacokinetic and
pharmacodynamic features of the phenolic substrates used in different doses.
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