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Abstract: Nephrotoxicity is a serious side effect of cisplatin, which is one of the most frequently used
drugs for cancer treatment. This study aimed to assess the renoprotective effect of Artemisia absinthium
extract and its bioactive compound (shikimic acid) against cisplatin-induced renal injury. An in vitro
assay was performed in kidney tubular epithelial cells (LLC-PK1) with 50, 100, and 200 µg/mL
A. absinthium extract and 25 and 50 µM shikimic acid, and cytotoxicity was induced by 25 µM cisplatin.
BALB/c mice (6 weeks old) were injected with 16 mg/kg cisplatin once and orally administered
25 and 50 mg/kg shikimic acid daily for 4 days. The results showed that the A. absinthium extract
reversed the decrease in renal cell viability induced by cisplatin, whereas it decreased the reactive
oxidative stress accumulation and apoptosis in LLC-PK1 cells. Shikimic acid also reversed the
effect on cell viability but decreased oxidative stress and apoptosis in renal cells compared with the
levels in the cisplatin-treated group. Furthermore, shikimic acid protected against kidney injury
in cisplatin-treated mice by reducing serum creatinine levels. The protective effect of shikimic
acid against cisplatin-mediated kidney injury was confirmed by the recovery of histological kidney
injury in cisplatin-treated mice. To the best of our knowledge, this study is the first report on the
nephroprotective effect of A. absinthium extract and its mechanism of action against cisplatin-induced
renal injury.
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1. Introduction

Cis-diamminedichloroplatinum (II) was first reported as an anti-cancer agent in the 1970s and
named cisplatin [1–3]. Clinical research has revealed that cisplatin causes renal injury in patients
with cancer, which continues to limit its use [4–6]. Similar to many other chemotherapy drugs,
cisplatin causes a wide range of adverse effects on normal tissues such as ototoxicity [7], cardiotoxicity,
nephrotoxicity, hematological toxicity, gastrointestinal toxicity, hepatotoxicity, and neurotoxicity [8].
Among these side effects of cisplatin, nephrotoxicity is considered to be the most severe and to cause
the most long-lasting harm to the body [9]. Moreover, nephrotoxicity is the primary reason for the
discontinuation of chemotherapy in patients with cancer [10]. There are several types of nephrotoxicity
that have been observed in cisplatin-treated patients. However, the most serious and frequently
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reported type of cisplatin nephrotoxicity is acute kidney injury, which occurs in 20–30% of patients [11].
Many clinical trials have been conducted on patients with cancer to evaluate the protective effects of
potential agents against cisplatin-induced nephrotoxicity [12–18]. However, some of these agents were
shown to have no effect, whereas others were only protective in one type of cancer, and most agents
had limitations. Therefore, more studies are needed to develop additional approaches to protect the
kidneys against cisplatin-induced cytotoxicity. Recently, the renoprotective effects of phytochemicals
have been investigated to determine if they can prevent cisplatin-induced renal cytotoxicity [19–23].
Bioactive compounds from natural products represent a potential adjuvant therapy to reduce the side
effects of cisplatin because they have been shown to be safe in long-term treatments and not affect the
anticancer activity of cisplatin [24].

Among herbal medicines, Artemisia absinthium has been shown to have many beneficial effects in
folk medicine and clinical trials [25] including nephroprotective effects [26]. A. absinthium is a perennial
herb belonging to the Asteraceae family and is commonly known as wormwood. A. absinthium is
a medicinal plant that has been recognized as an antioxidant that can be consumed as a part of the
daily diet [27,28]. In previous studies, A. absinthium was used to provide nephroprotection against
immunoglobulin A (IgA) nephropathy [29] and protect against inflammation in patients with Crohn’s
disease [30,31]. Oxidative stress and apoptosis are the major mechanisms by which cisplatin-induced
nephrotoxicity occurs [32–34]. Moreover, A. absinthium was reported to reduce renal toxicity caused
by azathioprine treatment by regulating oxidative stress in rats [35]. A. absinthium as an antioxidant
phytochemical may protect against cisplatin-induced nephrotoxicity [36]. Therefore, it would be of
value to analyze the bioactive compounds of A. absinthium and investigate the mechanisms by which
they protect against cisplatin-induced nephrotoxicity.

The main aim of this study was to investigate the protective effects of A. absinthium and its
bioactive compound against cisplatin-induced kidney injury. Kidney epithelial cells (LLC-PK1) were
used to examine the mechanism of this nephroprotective effect against cisplatin-induced cell damage
by evaluating oxidative stress and apoptosis pathways. Indicators of cell damage in LLC-PK1 cells
were evaluated, such as cell viability, reactive oxygen species (ROS) accumulation, and apoptotic ratio.
Furthermore, an animal model using male BALB/c mice was established to examine the protective
effects of the active compound from A. absinthium on the common indicators of acute kidney injury:
serum creatinine level and kidney histological damage.

2. Results

2.1. Protective Effect of A. absinthium Extract against Cisplatin-Induced Kidney Cell Death

Kidney tubular cells (LLC-PK1) were co-treated with various concentrations of A. absinthium
extract (50, 100, 200 µg/mL) and 25 µM cisplatin for 24 h. Cell viability was measured using the
Ez-Cytox cell viability assay kit. As shown in Figure 1A, the cell viability in the cisplatin-treated
group was 45.4 ± 2.08%, whereas the cell viability in the groups treated with 50, 100, and 200 µg/mL
A. absinthium extract was 61.0 ± 9.2%, 81.9 ± 10.1%, and 91.9 ± 4.6%, respectively. These results suggest
that A. absinthium extract has a substantial protective effect against the reduction in cell viability caused
by cisplatin treatment.

Besides this, A. absinthium improved the cell morphology after being damaged by cisplatin
cytotoxicity (Figure 1B).

2.2. Inhibitory Effect of A. absinthium Extract on Cisplatin-Induced ROS Accumulation in LLC-PK1 Cells

To evaluate the effect of A. absinthium extract on ROS accumulation in LLC-PK1 cells by cisplatin
treatment, the cells were treated with 50, 100, and 200 µg/mL A. absinthium extract and 25 µM
cisplatin for 24 h. Then, the intracellular ROS accumulation was assessed via fluorescence using
2′,7′-dichlorodihydrofluorescein diacetate (DCFDA). Fluorescence images of the cells were captured
using an inverted microscope.
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Figure 1. Protective effect of A. absinthium extract against the cisplatin-induced decrease in kidney cell 
viability. (A) Effect of the extract on the viability of LLC-PK1 cells exposed to 25 µM cisplatin for 24 h 
using the Ez-Cytox cell viability assay kit. (B) The change in morphology of LLC-PK1 cells after 
treatment with cisplatin and extracts. Results are the mean ± SD. The difference in the mean values 
between groups was assessed using the Tukey method for one-way analysis of variance (ANOVA). 
# p < 0.05 versus the control group (first column) and * p < 0.05 versus the cisplatin-treated group 
(second column). SD, standard deviation. 
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treated group. Furthermore, 200 µg/mL A. absinthium extract and N-acetyl-l-cysteine (NAC) 1 mM 
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Figure 1. Protective effect of A. absinthium extract against the cisplatin-induced decrease in kidney
cell viability. (A) Effect of the extract on the viability of LLC-PK1 cells exposed to 25 µM cisplatin for
24 h using the Ez-Cytox cell viability assay kit. (B) The change in morphology of LLC-PK1 cells after
treatment with cisplatin and extracts. Results are the mean ± SD. The difference in the mean values
between groups was assessed using the Tukey method for one-way analysis of variance (ANOVA).
# p < 0.05 versus the control group (first column) and * p < 0.05 versus the cisplatin-treated group
(second column). SD, standard deviation.

A. absinthium extract protected LLC-PK1 from cisplatin-mediated intercellular ROS increase.
As showed in Figure 2A, ROS accumulation in the cisplatin-treated group was 2.98± 0.08-fold compared
to the control group (p < 0.001), whereas the ROS level in 50 and 100 µg/mL A. absinthium-extract-treated
group were 2.48 ± 0.03-fold and 2.06 ± 0.02-fold, respectively, lower than that in the cisplatin-treated
group. Furthermore, 200 µg/mL A. absinthium extract and N-acetyl-l-cysteine (NAC) 1 mM also reduced
the intercellular ROS of the cells after cisplatin treatment to 1.89 ± 0.03-fold and 1.70 ± 0.03-fold
(p < 0.001). A. absinthium extract reduced the ROS accumulation of LLC-PK1 cells after cisplatin
treatment in a concentration-dependent manner.
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Figure 2. Inhibitory effect of A. absinthium extract on cisplatin-induced ROS accumulation in LLC-PK1
cells. LLC-PK1 cells were treated with extract and NAC 1 mM exposed 25 µM cisplatin for 24 h. Next,
the intracellular ROS accumulation was assessed via fluorescence using 2′,7′-dichlorodihydrofluorescein
diacetate (DCFDA). Fluorescence images of the cells were captured using an inverted microscope.
(A) The ratio of ROS accumulation between the treated groups and untreated group. (B) Representative
images of the fluorescence signals of intercellular ROS in LLC-PK1 cells treated with various
concentrations of A. absinthium extract or NAC and cisplatin (Green). ROS, reactive oxygen species;
DCFDA, 2′,7′-dichlorodihydrofluorescein diacetate; NAC, N-acetyl-l-cysteine. Results are the mean
± SD. The difference in the mean values between groups was assessed using the Tukey method for
one-way analysis of variance (ANOVA). # p < 0.001 versus the control group (first column) and
* p < 0.001 versus the cisplatin-treated group (second column). SD, standard deviation.

The protection of A. absinthium extract against ROS increase under cisplatin treatment were shown
in Figure 2B by the decrease in fluorescent level of NAC and A. absinthium-extract-treated groups
compared to cisplatin-treated group.

2.3. Inhibitory Effect of A. absinthium Extract on Cisplatin-Induced Apoptosis in LLC-PK1 Cells

To assess the protection of A. absinthium extract against cisplatin-induce apoptosis on LLC-PK1
cells. The cells were treated with various concentrations of extract (50, 100, 200 µg/mL) and exposed
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to 25 µM cisplatin for 24 h. Next, the cells were stained with Alexa Flour 488 annexin V conjugate,
and fluorescence images of the cells were captured using a Tali Image-based Cytometer.

A. absinthium extract reduced the apoptosis of LLC-PK1 cells under cisplatin cytotoxicity. The
percentage of apoptotic cells were significant increase in cisplatin-treated group (59.50 ± 0.46%)
compared to control group (22.00 ± 0.60%) (p < 0.001); however, 50 and 100 µg/mL
A. absinthium-extract-treated groups reduced the ratio of cells that undergo apoptosis to 38.00 ± 0.46%
and 41.00 ± 0.22%, after cisplatin treatment, respectively (Figure 3A). As a positive control, NAC at the
concentration of 1 mM decreased apoptosis level of the cells to 36.50 ± 0.82, significantly lower than
that in the cisplatin-treated group (p < 0.001).
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Figure 3. Inhibitory effect of A. absinthium extract on cisplatin-induced apoptosis in kidney cells.
LLC-PK1 cells were treated with A. absinthium extract and 25 µM cisplatin for 24 h and then stained with
Alexa Fluor 488 annexin V conjugate. The number of apoptotic cells was determined with TaliPCApp
software. Next, fluorescence images of the cells were captured using a Tali Image-based cytometer.
(A) The percentage of apoptotic LLC-PK1 cells between the treated groups and untreated group.
(B) Representative images of the fluorescence signal indicating apoptosis in LLC-PK1 cells treated
with various concentrations of A. absinthium extract or NAC and 25 µM cisplatin for 24 h using Alexa
Fluor 488 annexin V conjugate staining (Green). NAC, N-acetyl-l-cysteine. Results are the mean ± SD.
The difference in the mean values between groups was assessed using the Tukey method for one-way
analysis of variance (ANOVA). # p < 0.001 versus the control group (first column) and * p < 0.001
versus the cisplatin-treated group (second column). SD, standard deviation. The red arrows indicate
apoptotic bodies.
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The decrease in apoptotic cells in the NAC- and A. absinthium-extract-treated groups was
exhibited by the reduction in the fluorescence signal compared with cisplatin-treated group (Figure 3B,
Merged pictures).

2.4. High-Performance Liquid Chromatography (HPLC) of A. absinthium Extract

To determine the bioactive compounds in A. absinthium extract, HPLC was conducted, and shikimic
acid (standard compound) was analyzed according to retention time. As shown in Figure 4A,
the quantification parameter for shikimic acid was examined using the aforementioned HPLC
conditions. Further, the calibration curves for shikimic acid that were constructed by plotting the peak
areas of prepared concentrations were found to be linear when evaluated using linear regression analysis
(Figure 4A). Linearity was studied using six solutions in the concentration range 0.62–1.00 mg/mL
(n = 6). The regression equation was determined by plotting the peak area (y) versus the shikimic acid
concentration (x) expressed in mg/mL. The correlation coefficient (r2 = 0.998) obtained for the regression
line indicates that there is a strong linear relationship between the peak area and concentration of
shikimic acid (Figure 4B). The yield of shikimic acid from A. absinthium was 2.277 ± 0.145 mg/g.
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A. absinthium extract (B).

2.5. Protective Effect of Shikimic Acid against Cisplatin-Induced Kidney Cell Damage

To assess the protective effect of shikimic acid against cisplatin-mediated kidney cell death,
LLC-PK1 cells were treated with several concentrations of shikimic acid (6.125, 12.5, 25, 50, and 100 µM),
and cytotoxicity was induced by treatment with 25 µM cisplatin for 24 h. NAC was used as a positive
control at concentrations of 100 and 1000 µM. Cell viability was measured using the Ez-Cytox cell
viability assay kit.

NAC ameliorated the reduction in the viability of LLC-PK1 cells induced by cisplatin treatment.
As shown in Figure 5A, the viability of LLC-PK1 cells decreased to 52.2% in the cisplatin-treated group
and recovered to 74.8 ± 2.88% and 91.4 ± 10.28% in the 100 and 1000 µM NAC groups, respectively.
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Figure 5. Protective effect of shikimic acid against cisplatin-induced kidney cell damage. The cell
viability of LLC-PK1 cell was assessed using an Ez-Cytox cell viability assay kit, and the morphological
changes in the cells were assessed using an inverted microscope. (A) Effect of NAC on the viability of
LLC-PK1 cells exposed to 25 µM cisplatin for 24 h. (B) Effect of shikimic acid on the viability of LLC-PK1
cells exposed to 25 µM cisplatin for 24 h. (C) Effect of NAC and shikimic acid on cell density and
morphology changes in LLC-PK1 cells exposed to 25 µM cisplatin for 24 h. Results are the mean ± SD.
The difference in the mean values between groups was assessed using the Tukey method for one-way
analysis of variance (ANOVA). # p < 0.001 versus the control group (first column) and * p < 0.001 versus
the cisplatin-treated group (second column). NAC, N-acetyl-l-cysteine; SD, standard deviation.

Similarly, shikimic acid protected LLC-PK1 cells against the cisplatin-induced decrease in cell
viability. The cell viability in the cisplatin-treated group decreased significantly to 52.2 ± 4.71%
compared to that in the control group (p < 0.05) (Figure 5B). Meanwhile, the cell viability in the
shikimic-acid-treated groups recovered to 68.3 ± 5.75% and 74.1 ± 4.95% at 6.25 and 12.5 µM,
respectively. Additionally, the cell viability in 25, 50, and 100 µM shikimic-acid-treated groups
increased to 82.3 ± 3.03%, 84.5 ± 6.15%, and 84.4 ± 3.91%, respectively (Figure 5B). In the groups
treated with shikimic acid at concentrations of 12.5 µM and higher, cell viability increased significantly
compared with that in the cisplatin-treated group (p-value < 0.05). Comparing the results shown in
Figure 5A,B, the recovered cell viability in the 25 and 50 µM shikimic acid groups (84.5% and 84.4%)
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was higher than that in the 100 µM NAC group (74.8%). Therefore, shikimic acid concentrations of 25
and 50 µM were used in subsequent experiments.

Shikimic acid also protected against the cisplatin-induced effects on cell density decrease and
morphological changes in LLC-PK1 cells. As shown in Figure 5C, cell density in the cisplatin-treated
group was lower than that in the control group. However, the cell densities in the shikimic-acid-treated
groups (25 and 50 µM) and the NAC (1000 µM) positive control group were higher than that
in the cisplatin-treated group. Moreover, the morphology of LLC-PK1 cells was damaged in the
cisplatin-treated group compared with that in the control group. However, the damaged morphology of
LLC-PK1 cells caused by cisplatin cytotoxicity recovered in the NAC- and shikimic-acid-treated groups.

These data indicate that shikimic acid reduced the damage to LLC-PK1 cells caused by cisplatin
cytotoxicity. In fact, shikimic acid induced recovery from the effects on cell density and morphology,
leading to increased cell survival. The extent of this recovery can be estimated by comparison with the
positive control groups treated with NAC at 100 and 1000 µM.

2.6. Inhibitory Effect of Shikimic Acid on Cisplatin-Induced ROS Accumulation in LLC-PK1 Cells

To evaluate the effect of shikimic acid on ROS accumulation in LLC-PK1 cells under cisplatin
treatment, the cells were treated with 25 or 50 µM shikimic acid and 25 µM cisplatin for 24 h.
Following this treatment, the intracellular ROS accumulation was assessed via fluorescence using
2′,7′-dichlorodihydrofluorescein diacetate (DCFDA). Fluorescence images of the cells were captured
using an inverted microscope.

Shikimic acid protected LLC-PK1 cells against the cisplatin-induced increase in intercellular ROS.
As shown in Figure 6A, ROS accumulation in the cisplatin-treated group was 5.14± 1.10-fold higher than
that in the control group (p < 0.001), whereas the intracellular ROS level in the 1000 µM NAC-treated
group was 2.17 ± 0.57-fold higher than that in the control group. In addition, ROS accumulation in the
25 and 50 µM shikimic acid groups was 4.50 ± 0.45-fold and 3.05 ± 0.96-fold, respectively, higher than
that in the control group. However, the ratio of intracellular ROS in the NAC- and shikimic-acid-treated
(50 µM) groups was significantly lower than that in the cisplatin-treated group (p < 0.05).

The effect of shikimic acid on cisplatin-induced ROS accumulation in LLC-PK1 cells was confirmed
by the decrease in the fluorescence signal (Figure 6B). The fluorescence signal in the cisplatin-treated
group was higher than that in the control group, indicating that ROS accumulation in LLC-PK1 cells
in the cisplatin-treated group was higher than that in the control group. However, the fluorescence
levels in the 1000 µM NAC and shikimic-acid-treated group (50 µM) were lower than that in the
cisplatin-treated group. Therefore, the intercellular ROS levels in the NAC- and shikimic-acid-treated
groups decreased compared with that in the cisplatin-treated group. These results support the
hypothesis that shikimic acid inhibits oxidative stress in kidney cells following cisplatin treatment by
reducing cellular ROS accumulation.

2.7. Inhibitory Effect of Shikimic Acid on Cisplatin-Induced Apoptosis in LLC-PK1 Cells

To determine whether shikimic acid protected kidney cells from apoptosis induced by cisplatin
toxicity, LLC-PK1 cells were treated with 25 or 50 µM shikimic acid and 25 µM cisplatin for 24 h.
Cells were then stained with Alexa Fluor 488 annexin V conjugate, and fluorescence images of the cells
were captured using a Tali Image-based Cytometer.

Shikimic acid exerted a protective effect against the cisplatin-induced increase in apoptosis in
LLC-PK1 cells. The proportion of apoptotic cells in the cisplatin-treated group (39.4 ± 5.56%) was
significantly higher than that in the control group (4.4%; p < 0.05) (Figure 7A). However, the percentage
of apoptotic cells in the NAC group (1000 µM) decreased to 14.6 ± 4.86%, whereas the percentages in
the shikimic-acid-treated groups (25 and 50 µM) decreased to 29.8 ± 6.22% and 23.4 ± 5.83, respectively.
Indeed, the percentage of apoptotic cells in the NAC- and shikimic-acid-treated (50 µM) groups was
significantly lower than that in the cisplatin-treated group (p < 0.05).
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The decrease in apoptotic cells in the NAC- and shikimic-acid-treated groups was evidenced by
the reduction in the fluorescence signal (Figure 7B). As seen in a representative image from the cisplatin
group, there was a significant increase in fluorescence compared to that in the control group, indicating
an increase in the number of apoptotic cells. However, compared with that in the cisplatin-treated
group, the fluorescence signals in the 1000 µM NAC and shikimic-acid-treated (50 µM) groups were
lower; therefore, NAC and shikimic acid reduced the number of apoptotic cells after cisplatin treatment.
These results indicate that shikimic acid protected LLC-PK1 cells from apoptosis induced by cisplatin.Plants 2020, 9, x FOR PEER REVIEW 9 of 22 
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Figure 6. Inhibitory effect of shikimic acid on cisplatin-induced ROS accumulation in LLC-PK1 cells.
LLC-PK1 cells were treated with 25 or 50 µM shikimic acid and 25 µM cisplatin for 24 h. Next,
the intracellular ROS accumulation was assessed via fluorescence using DCFDA. Fluorescence images
of the cells were captured using an inverted microscope. (A) The ratio of ROS accumulation between
the treated groups and untreated group. (B) Representative images of the fluorescence signals of
intercellular ROS in LLC-PK1 cells treated with various concentrations of shikimic acid or NAC and
cisplatin (Green). ROS, reactive oxygen species; DCFDA, 2′,7′-dichlorodihydrofluorescen diacetate;
NAC, N-acetyl-l-cysteine. Results are the mean ± SD. The difference in the mean values between groups
was assessed using the Tukey method for one-way analysis of variance (ANOVA). # p < 0.001 versus
the control group (first column) and * p < 0.001 versus the cisplatin-treated group (second column). SD,
standard deviation.
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Figure 7. Inhibitory effect of shikimic acid on cisplatin-induced apoptosis in kidney cells. LLC-PK1
cells were treated with 25 or 50 µM shikimic acid and 25 µM cisplatin for 24 h and then stained
with Alexa Fluor 488 annexin V conjugate. The number of apoptotic cells was determined with
TaliPCApp software. Next, fluorescence images of the cells were captured using a Tali Image-based
cytometer. (A) The percentage of apoptotic LLC-PK1 cells between the treated groups and untreated
group. (B) Representative images of the fluorescence signal indicating apoptosis in LLC-PK1 cells
treated with various concentrations of shikimic acid or NAC and 25 µM cisplatin for 24 h using Alexa
Fluor 488 annexin V conjugate staining (Green). Results are the mean ± SD. NAC, N-acetyl-l-cysteine.
The difference in the mean values between groups was assessed using the Tukey method for one-way
analysis of variance (ANOVA). # p < 0.001 versus the control group (first column) and * p < 0.001 versus
the cisplatin-treated group (second column). SD, standard deviation.

2.8. Effect of Shikimic Acid on the Cisplatin-Induced Increase in Serum Creatinine and Kidney Injury in
BALB/c Mice

To evaluate the effect of shikimic acid on the increase in serum creatinine induced by cisplatin
nephrotoxicity, a mouse model of cisplatin-induced acute kidney injury was established, and the serum
creatinine levels in the mice were measured. Next, the kidneys were extracted, fixed in formalin,
and stained with hematoxylin & eosin (H&E) for histological examination.

Shikimic acid reduced the increase in the serum creatinine level in mice caused by cisplatin
treatment. As shown in Figure 8A, the serum creatinine level in the cisplatin-treated group increased
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significantly to 0.64± 0.07 mg/dL compared with that in the normal group (0.27± 0.3 mg/dL; p = 0.0007).
By contrast, the serum creatinine level in the 1000 mg/kg NAC-treated group was 0.32 ± 0.05 mg/dL,
which was significantly lower than that in the cisplatin-treated group (p = 0.004). In addition, the serum
creatinine levels in the 25 mg/kg shikimic-acid-treated group (0.34 ± 0.06; p = 0.0186) and the 50 mg/kg
shikimic-acid-treated group (0.38 ± 0.06 mg/dL; p = 0.0194) were significantly lower than that in the
cisplatin-treated group. Furthermore, the serum creatinine levels in the shikimic-acid-treated groups
(25 and 50 mg/kg) recovered to a level similar to that in the normal group (p = 0.902 and p = 0.633,
respectively). These results indicate that there was no statistical difference in serum creatinine levels
between the shikimic-acid-treated groups and the control group. In other words, shikimic acid caused
the recovery of the serum creatinine level in mice to normal levels after cisplatin treatment.Plants 2020, 9, x FOR PEER REVIEW 12 of 22 
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Figure 8. Protective effect of shikimic acid against the cisplatin-induced serum creatinine increase
and histological kidney injury in 6-week-old BALB/c mice. Mice were injected with physiological
saline (normal) or 16 mg/kg cisplatin (cisplatin) in physiological saline before being treated with NAC
(1000 mg/kg) or shikimic acid (25 mg/kg, SA25, and 50 mg/kg, SA50) (n = 5–6 mice/group) for 4 d.
Serum creatinine was measured using an AceChem Creatinine kit. (A) Serum creatinine levels in mice
treated with shikimic acid or NAC after being injected with cisplatin. (B) Hematoxylin & Eosin (H&E)
staining of representative kidney sections of the shikimic-acid- and NAC-treated mice after being
injected with cisplatin. Black arrows indicate an area of kidney injury. Results are the mean ± SEM.
NAC, N-acetyl-l-cysteine; SA, shikimic acid; SEM, standard error of the mean; H&E, hematoxylin
& eosin. The difference in the mean values between groups was assessed using the Tukey method
for one-way analysis of variance (ANOVA). # p < 0.001 versus the control group (first column) and
* p < 0.05 versus the cisplatin-treated group (second column).
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Shikimic acid ameliorated the kidney injury in mice treated with cisplatin. As shown in the images,
the kidneys in the cisplatin-treated group were damaged compared with those in the normal group
(Figure 8B). However, the kidney sections in the NAC- and shikimic-acid-treated groups indicated
recovery from the injury induced by cisplatin. These data indicate that shikimic acid reduced serum
creatinine levels and ameliorated cisplatin-induced kidney damage.

3. Discussion

Nephrotoxicity is one of the major side effects of cisplatin, which limits its use in cancer
treatment [37]. Therefore, finding the adjuvant agents to reduce cisplatin nephrotoxicity is an important
approach for cisplatin cancer therapeutic. Our previous studies had reported other agents from
natural products which had potential in reducing cisplatin nephrotoxicity [38–40]. In this study,
we focused on the renoprotective effect of shikimic acid isolated from A. absinthium on LLC-PK1 cells
and mouse model. A previous study reported that oxidative stress and apoptosis were two of the
three main pathological mechanisms of cisplatin-induced nephrotoxicity [41]. NAC has long been
used for chemoprotection against cisplatin toxicity in vitro, in vivo, and in clinical trials [42–44]; thus,
we used NAC as a positive control for all experiments. Supporting our hypothesis, the percentage
of cell viability in the cisplatin-treated group was lower than that in the control group. In contrast,
the percentage in the A. absinthium-extract-treated groups recovered to a level significantly higher
than that in the cisplatin-treated group. These results indicate that A. absinthium extract reversed the
decrease in the viability of kidney cells induced by cisplatin toxicity.

Furthermore, our data showed that A. absinthium extract reduced ROS accumulation and apoptotic
cells death by cisplatin. In other words, A. absinthium extract protected LLC-PK1 cells against
cisplatin-induced cytotoxicity by regulating accumulation of intracellular ROS and apoptosis pathway.
Other studies have also documented that A. absinthium extract improved kidney dysfunction in rats
with diabetes induced by alloxan administration [45] and protected the kidney from lead-induced
toxicity in a rat model [46]. Ali et al. claimed that A. absinthium protected DNA against H2O2-induced
oxidative stress in the pUC19 plasmid vector [47]. Indeed, DNA damage is the hallmark of the
anticancer effect of cisplatin [48,49]. Hence, A. absinthium could be a potent adjuvant to reduce
cisplatin-induced nephrotoxicity. A. absinthium had been reported as antioxidant agent [50,51] whereas
other studies showed that A. absinthium extracts also exerted to induce oxidative stress and apoptosis
in cancer cells [52–55]. Therefore, it is necessary to determine the bioactive compound in A. absinthium
extract that has the nephroprotective effect under cisplatin treatment.

The antioxidant effect of A. absinthium extract has been correlated with its total phenolic content [56],
whereas other studies have documented that shikimic acid was the most abundant precursor for the
metabolism of phenolic compounds in plants [57,58]. In this study, we focused on analyzing the
concentration of shikimic acid from A. absinthium extract; thus, the HPLC results were analyzed to
compare the extract with shikimic acid (standard compound) according to retention time. The data
showed that the amount of shikimic acid in A. absinthium was not as high as that reported in an earlier
study in other plants [59]. However, another study claimed that shikimic acid was one of the most
abundant bioactive compounds among the seven bioactive compounds in A. absinthium [60]. Although
shikimic acid was not found to be a major compound in A. absinthium, shikimic acid may play a main
role in the nephroprotective effect of A. absinthium L. extract against cisplatin cytotoxicity.

Cell damage is the first visible sign of cisplatin cytotoxicity. Moreover, cell viability has been used
as an indicator to assess the damage caused by cisplatin-mediated nephrotoxicity [61]. In this study,
cisplatin-induced cytotoxicity of kidney cells was assessed by measuring the cell viability of kidney
tubular cells; representative images confirmed the morphological changes in LLC-PK1 cells. The data
from our study showed that the cell viability in the cisplatin-treated group decreased significantly
compared to that in the control group. In contrast, the cell viability in the shikimic-acid-treated
groups was higher than that in the cisplatin-treated group. These results indicated that shikimic acid
recovered the viability of kidney cells after treatment with cisplatin. Moreover, cell viability of the
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shikimic-acid-treated groups (25 and 50 µM) was higher than that in the 100 µM NAC-treated group.
These results indicate that a lower concentration of shikimic acid had a more potent effect than NAC.
Furthermore, cell density in the shikimic-acid-treated groups increased, and the cell morphology of
these groups also recovered from cisplatin toxicity. Therefore, shikimic acid had a strong protective
effect against cisplatin-mediated kidney cell damage than the positive control NAC. Manna et al.
reported that shikimic acid, as an active component of coconut water, had a protective effect against
hydroperoxide-induced oxidative stress in murine hepatocytes [62]. However, there have been no
investigations on the protective effect of A. absinthium extract and its active compound, shikimic acid,
against cisplatin-mediated cell damage in kidney cells.

Recent studies have clarified the complex and multiple mechanisms of cisplatin nephrotoxicity,
among which oxidative stress was defined as the main pathway and the key to prevent cell death
caused by cisplatin [63–67]. In this study, the intercellular ROS level in the cisplatin-treated group
increased five-fold compared with that in the control group. However, ROS accumulation in the
shikimic-acid- and NAC-treated groups was lower than that in the cisplatin-treated group. These data
indicated that shikimic acid (50 µM) significantly reduced the oxidative stress in kidney cells induced by
cisplatin. Shikimic acid has been reported to exert an antioxidant effect at 10 mM on the neuroblastoma
SH-SY5Y cell line [68]. In the present study, the concentration of shikimic acid that produced the best
antioxidant activity was 50 µM in kidney tubular LLC-PK1 cells. Hence, this result indicates a more
effective response at reducing oxidative stress induced by cisplatin nephrotoxicity than the previously
reported antioxidant effect against H2O2-induced toxicity in SH-SY5Y cells. This study is also the first
to report the antioxidant effect of shikimic acid in kidney tubular cells (LLC-PK1).

Apoptosis has also been determined to be an essential mechanism of cell death induced by
cisplatin, interfering with its anti-cancer effect [69]. Preventing apoptosis in kidney tubular cells is
also an important strategy to reduce the nephrotoxicity of cisplatin [70]. As can be seen in the results,
the percentage of apoptotic cells in the cisplatin-treated group increased almost ten-fold compared
with that in the control group. In contrast, the proportion in the shikimic-acid- and NAC-treated
groups was significantly lower than that in the cisplatin-treated group. These results indicate that
shikimic acid protected kidney cells from cisplatin-mediated apoptosis. Although a high dose of
cisplatin will lead to necrosis in kidney cells, a low dose will result in apoptosis [69,71]. In this
study, we used cisplatin to assess the protective effect of shikimic acid against apoptosis induced by
cisplatin in kidney cells (LLC-PK1). An analog of shikimic acid, 3,4-oxo-isopropylidene-shikimic acid,
was found to have an anti-neuronal apoptosis effect under hypoxic conditions at its most effective
concentration of 10 mg/kg in a rat model [72]. Another study showed that shikimic acid inhibited
osteoclastogenesis and bone resorption in bone marrow monocytes in vitro by suppressing nuclear
factor kappa-light-chain-enhancer of activated B cells and mitogen-activated protein kinase [73].
Therefore, shikimic acid may play an important role in regulating many cell death pathways. However,
no previous study has reported the anti-apoptotic activity of shikimic acid in LLC-PK1 cells following
cisplatin treatment.

Several studies have shown that acute kidney injury (AKI) is one of the most common and severe
side effects of cisplatin in patients with cancer, having been reported in 30% of children in the early stage
of cisplatin infusion [74] and in 61% during the therapy [75]. Hence, we used a high dose (16 mg/kg)
of cisplatin and a short (4 d) experimental period to induce AKI in a mouse model [76]. Clinically,
serum creatinine is the first measured indicator of AKI [74,75,77], and kidney injury can be assessed
using histological staining [78]. Therefore, we used serum creatinine levels and histological evaluations
to assess the degree of injury in this study. The serum creatinine level in the cisplatin-treated group
was significantly higher than that in the normal group. In contrast, the serum creatinine levels in
the NAC- and shikimic-acid-treated groups were significantly lower than that in the cisplatin-treated
group. These data indicate that shikimic acid reduced the serum creatinine level in mice after treatment
with cisplatin. In a previous study, a low dose of cisplatin (2.5 mg/kg once a week for 3 weeks)
was administered to rats, and the serum creatinine level significantly increased after day 6 of the
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experiment [79]. In addition, in another study in which a high dose of cisplatin (10 mg/kg single
dose) was administered, the serum creatinine level significantly increased after day 3 [80]. However,
our data indicate that the serum creatinine level markedly increased on day 4 after cisplatin injection.
Therefore, the results of our study agreed with those of the second study that used a high dose of
cisplatin (10 mg/kg). To our knowledge, our study is the first to report the effect of shikimic acid on
reducing serum creatinine levels in mice following a high dose of cisplatin.

Representative mouse kidney sections were stained with H&E to evaluate the injury caused by
cisplatin toxicity. The histological images of the kidney sections indicated recovery of the renal tubules
in the shikimic-acid- and NAC-treated groups compared with observations in the cisplatin-treated
group. This finding was consistent with that of an earlier study in rats administered a high dose of
cisplatin (10 mg/kg), which claimed that histological injury in the kidneys was recognized on day 1 and
confirmed on day 3 after cisplatin treatment [80]. This investigation was in line with the results from
the present study on tubular kidney LLC-PK1 cells, indicating that shikimic acid had a renoprotective
effect against cisplatin-induced renal injury.

This study has several limitations, including that the adjuvant compound may reduce not only the
nephrotoxicity of cisplatin but also its anticancer activity [81]. Our study only assessed the protective
effect of shikimic acid on cisplatin-mediated kidney injury without testing whether shikimic acid
affected the anticancer activity of cisplatin on cancer cells. However, a previous study reported that
complexes of shikimic acid with cisplatin still had anticancer effects on mouse lymphocytic leukemia
cells (L1210), mouse leukemia cells (P388), and mouse melanoma cells (B16) in vivo [82]. Therefore,
shikimic acid may not have affected the anticancer activity of cisplatin in this combined treatment.
In summary, further studies on the interaction between shikimic acid and the anticancer effect of
cisplatin are needed.

4. Materials and Methods

4.1. Plant Extracts, Reagents and HPLC

Dried sample of A. absinthium (15 g) were extracted with ethanol under reflux system. This extract
was dissolved in methanol and filtered with a syringe filter (0.45-µm). Chromatographic analysis was
performed using an HPLC system (Agilent Technology 1290 Infinity II, MA, USA) equipped with
a pump, auto-sampler, and UV detector with an INNO C18 column (4.6 mm × 25 cm, 5 µm). A shikimic
acid standard was purchased from the Natural Product Institute of Science and Technology (Anseong,
Korea). HPLC-grade solvents (methanol, water, and acetonitrile) were purchased from J. T. Baker
(Phillipsburg, PA, USA). Acetic acid (99.7%) was purchased from Samchun Pure Chemicals (Pyeongtaek,
Korea). Gradient elution was performed using 0.5% acetic acid in water (A) and acetonitrile (B) at
a flow rate of 1 mL/min. The initial condition was set at 95% (A) and decreased to 90% (A) after 20 min.
Solvent A was further decreased to 50% until 40 min, then to 10% until 50 min, and maintained for
10 min. It was increased from 0% to 95% until 65 min. The total analysis time was 65 min. The flow
rate of the mobile phase was 1 mL/min. The injection volume was 10 µL, and the detector was set at
a UV absorbance of 254 nm. The column temperature was maintained at 30 ◦C.

4.2. Assessment of the Effect of A. absinthium Extract and Shikimic Acid on Cisplatin-Induced Nephrotoxicity

4.2.1. Cell Culture and Treatment

The LLC-PK1 kidney tubular cell line (ATCC, Bethesda, MD, USA) was cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Corning, Manassas, VA, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco BRL, Carlsbad, MD, USA) and 1% penicillin-streptomycin solution (Life Technologies,
Waltham, MA, USA). The cells were maintained in a humid atmosphere of 5% CO2 and 37 ◦C.
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4.2.2. Evaluation of the Protective Effects of A. absinthium Extract and Shikimic Acid against Kidney
Cell Damage

The effects of A. absinthium extract and shikimic acid on the viability of LLC-PK1 cells were
measured using the Ez-Cytox cell viability assay kit (Daeil Lab Service Co., Seoul, Korea) [83]. LLC-PK1
cells were seeded in 96-well plates at a density of 1 × 104 cells in 100 µL per well and incubated for
24 h in a humid atmosphere (5% CO2 and 37 ◦C). A. absinthium extract or shikimic acid was added at
different doses with or without 25 µM cisplatin. The vehicle, dimethyl sulfoxide (DMSO, Sigma-Aldrich,
St. Louis, MO, USA), was used as a control, and N-Acetyl-l-cysteine (NAC, Sigma-Aldrich, St. Louis,
MO, USA) was used as a positive control. After a 24-h incubation, 10% Ez-Cytox solution in DMEM was
added followed by incubation for 1 h. Absorbance was measured at 450 nm using a Spark 10M system
(Tecan Group Ltd., Männedorf, Switzerland). The protective effect was calculated as a percentage
of the control group. The morphological changes in the cells were assessed using an Olympus IX51
microscope (Olympus, Tokyo, Japan).

4.2.3. Assessment of Intracellular ROS

The cells were stained with 2′,7′- dichlorodihydrofluorescein diacetate (DCFDA, Sigma-Aldrich,
St. Louis, MO, USA), and then the fluorescence intensity of DCFDA was measured [84]. LLC-PK1 cells
were seeded in 96-well black plates at a density of 1 × 104 cells per well for 24 h. The cells were then
treated with shikimic acid or A. absinthium extract at various concentrations with or without 25 µM
cisplatin. DMSO was used as a control, and NAC was used as a positive control. After 24 h, the cells
were stained with DCFDA for 30 min, followed by three washes with Dulbecco’s phosphate-buffered
saline (DPBS, Welgene Inc., Daegu, Korea). The fluorescence was measured at am excitation wavelength
of 480 nm and an emission wavelength of 530 nm using a SPARK 10M system. ROS accumulation was
calculated as the percentage of the control group. Fluorescence images of the cells were captured using
an inverted microscope (Olympus IX51).

4.2.4. Evaluation of Apoptotic Cells

Apoptotic cells were assessed using a cytometric assay kit (Invitrogen, Temecula, CA, USA)
to confirm the protective effect of A. absinthium extract or shikimic acid against cisplatin-induced
apoptosis [85]. LLC-PK1 cells were seeded in 6-well plates at a density of 1 × 106 cells in 2 mL
per well for 24 h (5% CO2 and 37 ◦C). The cells were then treated with A. absinthium extract or
shikimic acid at various concentrations with or without 25 µM cisplatin. DMSO was used as a control,
and NAC was used as a positive control. After 24 h, the cells were harvested and stained with Alexa
Fluor 488-conjugated annexin V (Invitrogen, Temecula, CA, USA) for 20 min in the dark, followed
by washing with DPBS. Fluorescence images of the cells were captured using a Tali Image-based
Cytometer (Invitrogen, Temecula, CA, USA). The number of apoptotic cells was determined using
TaliPCApp software (version 1.0). The results were calculated as the percentage of cells stained with
annexin V versus the total number of cells in each group.

4.3. Assessment of the Renoprotective Effect of Shikimic Acid against Cisplatin-Mediated Renal Injury in
Male Mice

Six-week-old male BALB/c mice were used to assess the renoprotective effect of shikimic acid
against cisplatin-induced renal injury (GIACUC-R2019026 approved 7 October 2019). Cisplatin in
physiological saline was administered to mice through one intraperitoneal (IP) administration at a dose
of 16 mg/kg. From the day of IP administration of cisplatin, a daily dose of 25 and 50 mg/kg shikimic
acid was administered orally for 4 days. As positive and negative controls, NAC (1000 mg/kg) and
saline, respectively, were orally administered to normal mice [86]. Four days after the IP administration
of cisplatin, the mice were anesthetized with diethyl ether, and blood was collected. Creatinine
levels in the blood were measured using an AceChem Creatinine Kit according to the manufacturer’s
instructions (Yeongdong Pharmaceutical Co., Ltd., Chungcheongbuk, Korea). Next, the absorbance
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was measured using a SPARK 10M system. Moreover, to evaluate the recovery from histological kidney
injury in cisplatin-treated mice, extracted kidneys were fixed in formalin and stained with hematoxylin
and eosin (H&E). The serum creatinine level was calculated as a percentage of the control group,
and the recovery from the histological kidney injury was compared with that in cisplatin-treated mice.

4.4. Statistical Analysis

All experiments were independently performed at least in triplicate. The data are presented as
the mean ± SD (standard deviation) for cell experiments and mean ± SEM (standard error of mean) for
animal experiments. The difference in the mean values between groups was assessed using the Tukey
method for one-way analysis of variance (ANOVA) using R statistical software (version 3.3.3) [87].
A p-value of less than 0.05 or 0.001 was considered statistically significant.

5. Conclusion

In conclusion, A. absinthium extract increased the viability, whereas it decreased ROS accumulation
and apoptotic kidney cell damages by cisplatin, and shikimic acid exerted a protective effect against
cisplatin-induced nephrotoxicity both in vivo and in vitro. The protective effect of A. absinthium
extract and shikimic acid against cisplatin cytotoxicity in kidney cells occurred through oxidative
stress and apoptosis pathways. A. absinthium extract and shikimic acid regulated cisplatin-induced
oxidative stress in LLC-PK1 cells by reducing the accumulation of ROS, a product of oxidative stress.
Furthermore, A. absinthium extract and shikimic acid ameliorated apoptosis, which is one of the
hallmarks of cisplatin cytotoxicity, in cisplatin-treated kidney cells. Shikimic acid also reversed the
increase in serum creatinine levels and induced recovery of the histological injury of mouse kidneys
following treatment with cisplatin. Therefore, A. absinthium extract and shikimic acid represent
potential therapeutic approaches for reducing or preventing cisplatin nephrotoxicity. The results
of this study add to the knowledge of the bioactivity of A. absinthium extract and revealed a new
pharmacological effect of shikimic acid.
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