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Abstract: We investigated the protective effects of pycnogenol (PYC), a natural anti-oxidant with an
anti-inflammatory effect, on the acetaminophen (APAP)-induced hepatorenal injury in rats. Wistar
albino rats were divided into four experimental groups: control, PYC (10 mg/kg, ip), APAP (1000
mg/kg), and APAP+PYC groups. Rats were decapitated 24 hours after the APAP injection, and their
blood was taken to determine blood urea nitrogen (BUN), creatinine, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and pro-inflammatory cytokines; TNF-a and IL-1 B. Liver and kidney
tissue samples were obtained for the histological examination and the determination of
malondialdehyde (MDA) and glutathione (GSH) levels as well as myeloperoxidase (MPO) and Na*/K*-
ATPase activities. PYC treatment decreased the APAP-induced elevations in serum pro-inflammatory
cytokines and reduced the impairment of liver and kidney functions. Furthermore, the increase in tissue
lipid peroxidation and myeloperoxidase activity and the decrease in the GSH levels and Na*/K*-ATPase
activity by the APAP overdose were reversed by the PYC treatment. Besides, histologic findings
reinforce the protective effect of PYC in APAP-induced hepatorenal damage. PYC, which appears to
have restored the GSH and depressed neutrophil infiltration and the associated release of pro-
inflammatory cytokines, merits consideration as an anti-oxidant and anti-inflammatory agent in
preventing APAP-induced hepatorenal damage.
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1. Introduction

Acetaminophen (APAP), also known as paracetamol, is a broadly utilized antipyretic
and pain-relieving pharmaceutical and considered safe at therapeutic doses. Single or repeated
high-dose APAP administration is known to cause toxicity, resulting in glutathione depletion
(a cellular anti-oxidant) and an increase in neutrophil infiltration. Thus, APAP has been
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reported to involve the pathophysiology of renal and hepatic injury in animal and human
experiments [1,2]. The primary treatment approach against APAP toxicity is the administration
of anti-oxidant agents such as N-acetylcysteine, which in principle provides an enhanced
cellular glutathione concentration [3].

Naturally, various plants contain compounds of the flavonoid group, and these
compounds possess cytoprotective effects [4,5]. One of these compounds is Pycnogenol
(PYC), which resembles a bioflavonoid composition and is extracted through a process
involving ethanol and water. The PYC mixture primarily consists of cinnamic or phenolic
acids, polyphenolic monomers, and glycoside derivatives [6,7]. PYC has been previously noted
to have ameliorative effects on inflammation [7], viral infections [8], skin elasticity [9],
cognitive [10], and cardiovascular problems [11]. To date, it has been stated that all agents are
responsible for the bioactivity of this agent [7,8,12]. These effects have been reported to occur
mainly through radical scavenging activity -[10,13]. Besides, PYC has also been demonstrated
to reduce levels of various pro-inflammatory mediators [14]. Sehirli et al. [15] have established
that PYC is protective against ischemia-reperfusion renal injury.

Rats are frequently preferred in animal experiments of tissue injury due to structural
and functional similarities to human beings [15,16]. Thus, rats were chosen as the model animal
for this study. This study aimed (i) to answer the question of whether high-dose APAP induced
hepatorenal damage caused an alteration of the biochemical profile, pro-inflammatory
cytokines, and oxidant-antioxidant parameters, and (ii) to consider the ameliorative effect of
treatment with PYC in experimentally hepatorenal injury.

2. Materials and Methods

2.1. Animals and ethical approval.

The experimental studies were permitted by Animal Ethics Committee (Approval No:
67.2010 mar). A total of thirty-two 200-250 g Wistar albino rats, including both sexes, were
adapted to laboratory conditions (+22 £ 2°C, %50-60 humidity, rat cages (4 rats/cage) with
cage area (350 cm?) with 12-hour light-dark cycles and without any restrictions to the
availability of their standard rat chow and water. The laboratory and statistical analysts were
blinded to the groups and the administration protocols allocated to the rats.

2.2. Experimental procedures.

The rats were allocated into 4groups, 8 animals in each group (n=8) as follows: control,
PYC (10 mg/kg, intraperitoneal [15]), APAP (APAP 1000 mg/kg, intraperitoneal [17] and
APAP+PYC (APAP 1000 mg/kg; PYC 10 mg/kg intraperitoneal) groups. The rats were
euthanized twenty-four hours after APAP injection. Blood, hepatic and renal tissue samples
were collected from each animal.

2.3. Detection of hepatic and renal injury.

Alanine aminotransferase (ALT) and Aspartate aminotransferase (AST) enzyme
activities, indicators of hepatocellular injury, were determined in blood samples. Besides,
Blood urea nitrogen (BUN) and creatinine (Crea) levels were assessed regarding the renal
injury. Test parameters were performed using an automated analyzer and routine assay Kits.
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2.4. Measurement of serum concentration of inflammatory cytokines.

Tumour necrosis factor-o. (TNF-a)) and Interleukin-1 B (IL-1B), indicators of inflammation,
were quantified in blood samples using commercially available immunoassay test Kits
(BioSource Europe S.A., Nivelles, Belgium).

2.5. Determination of hepatic and renal MDA and GSH levels.

Tissue samples were homogenized in ice-cold KCI (150 mM) to measure liver and
kidney malondialdehyde (MDA) and glutathione (GSH) levels, thus assessing oxidation and
anti-oxidant status [18,19]. MDA levels were measured using the previously described method
[20] and expressed in nmol MDA/g tissue. GSH levels were assessed utilizing Ellman's reagent
[21]. The GSH results were expressed in pmol GSH/g tissue.

2.6. Measurement of hepatic and renal Myeloperoxidase and Na+/K+-ATPase activities.

Myeloperoxidase (MPO), as a marker of neutrophil infiltration [22], was determined
from the tissue samples. A previously reported method by Hillegass et al. [23] was performed
to measure MPO activity, and the results were expressed as U MPO/g tissue. Na*/K*-ATPase
activity, as an indicator of oxidative membrane damage, was determined by quantifying the
release of inorganic phosphate from ATP, as documented earlier [24]. Accordingly, tissue
homogenates were added to ATPase buffer and ouabain to quantify the total ATPase activity
and Mg?*-ATPase activity, respectively. Then, Na*/K*-ATPase activity was calculated using
an equation: total ATPase activity minus Mg?*-ATPase activity and was expressed as nmol
Pi/mg protein/h. The method described by Lowry et al. [25] was performed to detect the protein
concentration of the tissue samples.

2.7. Histological examination.

Hepatic and renal tissue samples were fixed in 10% formaldehyde. Then, tissue samples were
processed routinely for embedding in paraffin wax. Paraffin sections (5 um thick) were stained
using hematoxylin and eosin (H&E) and evaluated histopathologically. To assess
histopathological alterations, experienced histologists (OTC and FE), who were blinded to the
experimental procedures, examined all tissue sections under a light microscope (Olympus
BX51, Tokyo, Japan).

2.8. Statistical analyses.

Data were analyzed using GraphPad Software (San Diego, CA, USA), Prism 6.0. The
one-way analysis of variance (ANOVA) was computed for the statistical evaluation of data,
and Tukey's posthoc test was used for binary comparison. The data were expressed as mean +
SEM. The p<0.05 was considered statistically significant.

3. Results and Discussion

Following APAP administration, BUN and creatinine levels and AST and ALT
activities were statistically higher in APAP group than the control group, while all levels
significantly declined in the APAP+PYC group (Table 1). Inflammatory cytokines, TNF-a and
IL-1pB, were significantly higher in the APAP group compared to the control group (p<0.001;
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Figure 1). In contrast, PYC significantly promoted a decline in cytokine levels in the
APAP+PYC group (p<0.01-0.001; Figure 1).
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Figure 1. Serum (a) TNF-a and (b) IL-1B concentrations of the experimental groups. *** p<0.001 APAP versus
control group; ++ p<0.01 and +++ p<0.001 APAP+PYC versus APAP group.

Table 1. Serum Aspartate aminotransferase (AST), Alanine aminotransferase (ALT), Blood urea nitrogen
(BUN), and creatinine levels of the experimental groups (n=8; mean + SEM). PYC: Pycnogenol; APAP:
Acetaminophen.

Control PYC APAP APAP+PYC
AST (U/L) 92.3+8.2 81.+12.3 248.3 + 18.7 *** 125.5+18.9 * +++
ALT (U/L) 47.1+3.9 48.3+5.3 80.1£7.9** 515+5.7+
BUN (U/L) 23522 247+ 1.7 418+7.9* 31.3+29
Creatinine (U/L) 0.42 £0.04 0.41+£0.04 1.18 £0.12 *** 0.78+0.12 * +

*xp<0.01, **xp<0.001 APAP versus control group; +p<0.05, ++p<0.01 APAP+PYC versus APAP group.

Hepatorenal injury caused by drugs has been linked to reactive oxygen species and
mitochondrial dysfunction during drug metabolism [26,27]. Tissue damage associated with
oxidative stress may trigger and/or suppress various signaling pathways [28]. A study has
shown that subtoxic APAP doses make hepatocytes responsive to the cytotoxic effects of TNF-
a [29]. On the other hand, a powerful pro-inflammatory cytokine, IL-1p, is known to increase
during APAP toxicity [30-32]. The presented study results have demonstrated that significant
elevations in serum TNF-a and IL-1P concentrations with high dose APAP were in parallel
with the literature [33]. The effects of bioflavonoids extracted from Pinus maritima on pro-
inflammatory cytokines have been examined previously, and PYC was reported to decrease the
synthesis of IL-1p levels [15,31,34]. In this study, PYC treatment reversed the APAP-induced
cytokine elevations parallel with the literature.

Despite APAP-induced hepatotoxicity having been described in-depth in the literature
as the most common clinical observation after toxicity, the extrahepatic findings of APAP
toxicity have not been fully discussed. It is known that APAP-induced renal toxication is the
second most common clinical observation and is related to the oxidation process of APAP
[35,36]. Similarly, Akakpo et al. [36] showed that APAP toxicity in extrahepatic tissues such
as the kidney was at least partly due to liver-derived APAP metabolites. In the light of this
knowledge, we investigated the APAP-induced toxicity not only in the liver but also in the
kidney tissues.

Hepatocellular changes induced by APAP are identified by significant elevations in
ALT and AST activities [37,38]. In this study, APAP caused significant increases in ALT and
AST activities, while PYC treatment reduced both ALT and AST. Thus, PYC treatment is
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thought to be involved in defense against cellular injury. Similarly, creatinine and BUN levels
elevated in the APAP groups and significantly declined in the APAP+PYC group.

APAP administration significantly raised hepatic and renal MDA concentrations in the
APAP group compared to the control group (p<0.01-0.001; Figure 2). Contrarily, PYC
treatment decreased hepatic and renal MDA levels in the APAP+PYC group compared to the
APAP group (p<0.01-0.001; Figure 2). GSH levels in the liver and kidney declined
significantly in the APAP group compared to the control group (p<0.01 for each; Figure 3). In
the APAP+PYC group, this decline was reversed, and GSH values were significantly elevated

(p<0.05; Figure 3).
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Figure 2. (a) Hepatic and (b) renal tissue malondialdehyde (MDA) values of the experimental groups. **
p<0.01 and *** p<0.001 APAP versus control group; ++ p<0.01 and +++ p<0.001 APAP+PYC versus APAP
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Figure 3. (a) Hepatic and (b) renal tissue glutathione (GSH) levels of the experimental groups. **p<0.01 APAP
versus control group; + p<0.05 APAP+PYC versus APAP group.

GSH, which is ubiquitous in all cell types, is a powerful non-enzymatic anti-oxidant
and regulates intracellular redox homeostasis [39]. Cellular GSH depletion in hepatic cells has
been detected to participate in APAP toxicity [40]. High doses of APAP cause GSH depletion,
possibly causing irreversible deterioration of cellular proteins and thus hepatic necrosis [41].
Therefore, the intracellular GSH level is the primary marker of oxidative damage. The result
of the presented study revealed that hepatic and renal GSH levels declined significantly. Lipid
peroxidation has been demonstrated to increase the rate of APAP toxicity [17,42] by causing a
structural modification of cellular lipid-protein complexes [43]. MDA is a significant marker
of lipid peroxidation [44]. The presented study has revealed that MDA levels increased
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significantly in both tissues as a result of oxidative damage caused by APAP after GSH
depletion. Nevertheless, PYC treatment reversed these effects and protected the tissues against
histologically confirmed oxidative stress, and previous studies have found it to be a powerful
anti-oxidant. [45,46]. In particular, it has been suggested that PYC has healing properties
against a variety of free radical-mediated degenerative conditions, such as diabetes [47],
ethanol-induced cell death [48], and ischemia/reperfusion injury [15,49].

Hepatic and renal MPO levels in the APAP group were significantly higher than in the
control groups (p<0.001; Figure 4). However, in the APAP+PYC group, there was a significant
decline in MPO activity compared to the APAP group due to the PYC treatment (p<0.05-0.001,
Figure 4). Na*/ K*-ATPase activities of both tissue samples were significantly lower in the
APAP group than in the control groups (p<0.05; Figure 5). Furthermore, PYC treatment
effectively shifted Na*/K*™-ATPase activities back in liver and kidney tissues compared to the
APAP group (p<0.05, Figure 5).
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Figure 4. (a) Hepatic and (b) renal tissue myeloperoxidase (MPQ) activities of the experimental groups. ***
p<0.001 APAP versus control group; + p<0.05 and +++ p<0.001 APAP+PYC versus APAP group.

Neutrophils are essential members of the innate immune system, and vital for human
life, as they defend against invading microorganisms, tissue traumas, or any inflammatory
signal [50]. However, activated neutrophil adhesion to the endothelium, producing high
reactive oxygen species (ROS), and protease secretion such as MPO, create the potential to
cause tissue damage. MPO is a critical enzyme required for neutrophil activity. Various
stimulants activate neutrophils to release MPO. Thus, MPO is a marker of neutrophil
infiltration [51,52].
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Figure 5. (a) Hepatic and (b) renal tissue Na*-K* ATPase activities of the experimental groups. * p<0.05 APAP
versus control group; + p<0.05 APAP+PYC versus APAP group.
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In this study, consistent with the histological results, APAP-induced tissue injury
results from neutrophil infiltration, possibly due to increased hepatic and renal MPO activities.
On the other hand, MPO activities of both tissues are suppressed by PYC administration, which
appears to inhibit neutrophil activation, and thus neutrophil related oxidative damage.

Na*/K*-ATPase is an enzyme attached to cellular membranes and essential in cell
viability [53]. Membrane proteins are prone to oxidative changes and alteration in the lipid
environment. Since Na+/K+-ATPase is a cellular oxidative target, this activity's reduction may

Figure 6. Photomicrographs of rat liver tissues. Control (A) and PYC (B) groups: normal histology of the liver.
APAP group (C) has degenerated hepatocytes with many cytoplasmic vacuoles (arrowhead), congestion and
sinusoidal dilatation (arrow), and inflammatory cell infiltration (*) in the liver. The APAP+PYC group (D) has a
normal appearance of hepatocytes (arrowhead) in most regions and moderate sinusoidal dilatation and vascular
congestion (arrow) of the liver (D). H&E staining, original magnification: 400X, Scale bar: 20pum.

Figure 7. Photomicrographs of rat kidney tissues. Normal histology of kidney in the control (A) and PYC (B).

The APAP group (C) has severe glomerular degeneration and dilatation in Bowman space (arrow), tubular cell

degeneration (arrowhead), and severe vascular congestion (*) in the kidney. The APAP+PYC group (D) has a
generally normal glomerular (arrow) structure, mild tubular cell degeneration (arrowhead), and vascular
congestion (*) in most fields of the kidney. H&E staining, original magnification: 400X, Scale bar: 20pm.
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Na*/K*™-ATPase has been reported to be inhibited by reactive oxygen species [55,56].
Sehirli et al. (2009) reported that PYC treatment reversed the decreased Na*/K*-ATPase
activity in rats with experimentally induced kidney ischemia [15].

Consistent with these results, in the presented study, Na*/K*-ATPase activities of the
liver and kidney were significantly lower in the APAP group than in the control group.
Furthermore, the PYC application in APAP-treated rats caused an increase in enzyme activity,
which demonstrates the anti-oxidant and membrane-protective effects of this flavonoid.

Histological assessment of hepatic tissue was found the parenchyma to be normal, with
sinusoid structures in control (Figure 6A) and PYC (Figure 6B) groups. In the APAP group
(Figure 6C), advanced sinusoidal enlargement and congestion, including damaged hepatocytes
with numerous cytoplasmic vacuoles, and observed inflammatory cell infiltration. Mild
sinusoidal enlargement and congestion were observed, in addition to hepatocytes exhibiting a
relatively normal morphology in the APAP+PYC group (Figure 6D). In the control (Figure
7A) and PYC (Figure 7B) control groups, histological examinations of the renal tissue were
found to be normal in terms of glomeruli and tubulous structures, together with the kidney
cortex. In the APAP group (Figure 7C), damage to glomeruli and tubulous structures and
advanced vascular congestion in the interstitium were inspected. In the APAP-PYC group
(Figure 7D), glomerular and tubular damage was reduced, and vascular congestion of the
interstitial space was mild.

4. Conclusions

In conclusion, PYC treatment corrected the APAP-induced increases in serum pro-
inflammatory cytokines and reversed the impairment in hepatic and renal functions. Besides,
higher MDA levels and MPO activity in the hepatic and renal tissues and decline in GSH levels
and Na'/K"-ATPase activity caused by APAP overdose were prevented by PYC treatment. The
histological findings also support the protective effect of PYC in hepatorenal injury induced
by APAP. From the aforementioned results, PYC is thought to be an effective anti-
inflammatory and anti-oxidant agent for hepatic and renal tissue protection against the toxic
effects of APAP.
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