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Abstract: The essential oil of Croton zehntneri (EOCZ) and its major compounds are known to have
several biological activities. However, some evidence shows potential toxic effects of high doses
of EOCZ (>300 mg/kg) in amphibian and human kidneys. The aim of the present work was to
investigate the effects on renal function of EOCZ at 300 mg/kg/day in healthy Swiss mice and a
subclinical acute kidney injury (subAKI) animal model, which presents tubule-interstitial injury
(TII). Four experimental groups were generated: (1) CONT group (control); (2) EOCZ, mice treated
with EOCZ; (3) subAKI; (4) subAKI+EOCZ, subAKI treated simultaneously with EOCZ. EOCZ
treatment induced TII measured by increases in (1) proteinuria; (2) cortical tubule-interstitial space;
(3) macrophage infiltration; (4) collagen deposition. A decrease in tubular sodium reabsorption was
also observed. These results were similar and nonadditive to those observed in the subAKI group.
These data suggest that treatment with EOCZ at higher concentrations induces TII in mice, which
could be mediated by protein overload in the proximal tubule.

Keywords: Croton zehntneri; essential oil; proximal tubule; tubulointerstitial injury; proteinuria; kidney

1. Introduction

Kidney disease represents a public health problem and is associated with a high rate
of mortality and morbidity [1–3]. The central role of tubule-interstitial injury (TII) in the
development and progression of kidney disease to end-stage renal disease (ESRD) has been
highlighted [4,5]. One of the main causes of the development of TII is albumin overload in
the proximal tubule (PT) caused by increased filtration at the glomerular membrane [5–7].
This process induces functional changes in PT epithelial cells (PTECs), leading to the
development of a pro-inflammatory and pro-fibrotic phenotype [7–13]. In this context,
identification of treatments for TII could represent a forward step to halt the progression of
renal disease. Several reports have proposed that essential oils, even those used directly
from plant extracts, could be used for the treatment of chronic degenerative diseases such
as kidney disease.

Croton zehntneri Pax et Hoffm. Vel aff. (Euphorbiaceae) is an aromatic bush native to
northeastern Brazil, where it is popularly called “canela de cunhã” [14–16]. Its leaves are
also used to flavor food, and extracts of its bark and leaves are used by the local people to
relieve disturbances of the gastrointestinal tract [14–16]. The essential oil of Croton zehntneri
(EOCZ) and its major compounds are known to have antifungal [17], anti-nociceptive [18],
anti-inflammatory [19], gastroprotective [20], and anesthetic properties [21]. EOCZ also
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enhances wound-healing capacity [22]. Despite these beneficial effects, little attention has
been given to the possible effects of EOCZ treatment on the kidneys.

In addition to beneficial effects, there are no reports regarding the adverse effects of
EOCZ as a result of its indiscriminate use. However, some reports have shown undesir-
able side effects of EOCZ constituents when isolated [23–28]. In a case reported in 1991,
urinary abnormalities, including proteinuria, were observed in a 7-month-old child after
accidental oral administration of clove oil related to eugenol [23]. Furthermore, estragole
and methyl-eugenol induce renal tubules hyperplasia [24,25]. Some works showed that
higher doses of 1,8-cineole (500 mg/kg) treated on Wistar rats promoted renal tubular cell
detachment [26–28]. These results indicate that EOCZ treatment could become a threat to
its users. Therefore, the identification of the effects of EOCZ on the structure and function
of the kidneys is an important matter.

In the present study, we investigated the effect of EOCZ treatment in healthy Swiss
mice and in a subclinical acute kidney injury (subAKI) animal model which developed TII
induced by PT albumin overload [8–13]. Swiss mice were treated with 300 mg/kg/day
EOCZ, a dose at the upper range of those used pharmacologically in previous studies [19,20].
Our data showed that oral treatment with EOCZ at 300 mg/kg/day induces tubular dys-
function similar to that observed in the subAKI animal model. These results may be the
first evidence of an important side effect of oral administration of high doses of EOCZ.

2. Results
2.1. EOCZ Treatment Induces Changes in Renal Function Parameters

To determine if the treatment with EOCZ was beneficial or promoted side effects
on renal function, we treated healthy or tubular injured Swiss mice. Four groups were
generated as described in the Materials and Methods section (Section 4.3). Bodyweight,
food intake, water intake, and urinary output were not changed in all groups studied
(Figure 1A–D). Glomerular function assessed by plasma creatine, BUN (blood urea ni-
trogen), and creatinine clearance, a marker of the glomerular flow rate (GFR), as well as
urinary creatinine, were also not changed (Figure 2A–D).
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Figure 1. Effect of EOCZ treatment on renal parameters. Mice were randomly divided into four
experimental groups as detailed in Section 2: (1) CONT, mice treated with vehicles (white bar, n = 7);
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(2) EOCZ, mice treated with 300 mg/kg/day EOCZ via gavage (green bar, n = 9); (3) subAKI, mice
treated with 10 g/kg/day BSA via intraperitoneal injection (purple bar, n = 9); (4) subAKI and EOCZ,
mice treated with BSA and EOCZ (orange bar, n = 8). (A) Bodyweight; (B) food intake, (C) water
intake, and (D) urinary volume. The results are expressed as means ± standard deviation (SD). Dot
plots represent the number of individual animals and n.s. represents not significant.
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Figure 2. EOCZ treatment did not change glomerular function. Mice were treated as described in
Figure 1. The dose of EOCZ used was 300 mg/kg/day, as described in the Material and Methods
section. (A) Plasma creatinine concentration, (B) BUN levels, (C) urinary creatinine concentration,
and (D) creatinine clearance (CCr). Dot plots represent the number of individual animals. Results are
expressed as means ± SD and n.s. represents not significant.

In addition, Na+ intake and plasma Na+ concentration did not change in the EOCZ,
subAKI, and subAKI+EOCZ groups (Figure 3A,B). However, urinary Na+ output, urinary
Na+ concentration, and Na+ clearance increased in these groups compared with the CONT
group, demonstrating possible changes in renal Na+ handling (Figure 3C–E). This idea
was confirmed by the observation that fractional excretion of Na+, a marker of tubular Na+

handling, was also increased in the EOCZ, subAKI, and subAKI+EOCZ groups (Figure 3F).
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Figure 3. EOCZ treatment alters tubular Na+ handling. Mice were treated as described in Figure 1.
The dose of EOCZ used was 300 mg/kg/day, as described in the Material and Methods section. (A)
Na+ intake, (B) plasma Na+ concentration, (C) urinary Na+ output, (D) urinary Na+ concentration,
(E) renal Na+ clearance (CNa+), and (F) fractional excretion of Na+ (FENa+). Dot plots represent the
number of individual animals. The results are expressed as means ± SD and n.s. represents not
significant. * P < 0.05 versus CONT group.

2.2. Urinary Protein Excretion Is Modulated by EOCZ Treatment

Under physiologic conditions, plasma proteins are filtered in the glomerulus and
totally reabsorbed by PTECs [7,29]. On the other hand, renal injuries at glomerular or
tubular levels lead to an increase in urinary protein excretion [5,7,11,12,29]. We observed
that proteinuria (Figure 4A,B) and the urinary protein/creatinine ratio (Figure 4C) were
significantly increased in the EOCZ and subAKI groups. No further increase in these
parameters was observed in the subAKI+EOCZ group compared with the subAKI or EOCZ
groups individually, but they were increased when compared with the CONT group.
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Figure 4. EOCZ treatment induces proteinuria. The dose of EOCZ used was 300mg/kg/day, as
described in the Material and Methods section. (A) Proteinuria (mg/dL), (B) urinary proteins
(mg/24 h), and (C) ratio of urinary proteins to creatinine (UPCr). Dot plots represent the number of
individual animals. The results are expressed as means ± SD. * P < 0.05 versus CONT group.

Since changes were not observed in glomerular function markers (Figure 2) but an
increase in FENa+ and proteinuria, we postulated that EOCZ treatment could lead to
tubular damage without change in glomerular function. The possible TII induced by EOCZ
treatment will be assessed in the next section.

2.3. EOCZ Treatment Promotes Tubulointerstitial Injury

TII involves changes in a tubular structure, immune cell infiltration, and collagen
deposition [5,8–13,30]. The EOCZ and subAKI+EOCZ groups showed an increase in (1) the
area of tubulointerstitial space analyzed by periodic acid-Schiff staining (Figure 5A,B); (2)
collagen deposition, analyzed by picrosirius red (Figure 5C,D); (3) macrophage infiltration,
measured by F4/80-positive cells (Figure 5E,F). The increase in these parameters was of
the same magnitude and nonadditive to those observed in the subAKI group. These data
suggest that EOCZ treatment per se induces TII in a similar way to that observed in the
subAKI animal model.
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Figure 5. EOCZ treatment induces tubule-interstitial injury. The dose of EOCZ used was
300 mg/kg/day, as described in the Material and Methods section. Representative images are
shown in (A,C,E). Scale bar, 40 µm. (B,D,F) The quantification analyses. (A,B) Area of interstitial
space, (C,D) total collagen deposition, and (E,F) macrophage infiltration. Black arrows in (C) show
F4/80-positive cells (murine macrophage marker). Dot plots represent the number of individual
animals. The results are expressed as means ± SD. * P < 0.05 versus CONT group.

3. Discussion

Despite the widespread use of EOCZ for the treatment of several diseases [16,19–21,31,32],
little is known about the effect of EOCZ on renal function. Our findings provide strong
evidence that oral treatment with a high dose of EOCZ for seven consecutive days results
in undesirable tubular dysfunction, affecting renal sodium and protein handling, which
could be associated with the development of cortical TII. These results suggest that indis-
criminate use of EOCZ for the treatment of different illnesses is ill-advised without health
professional supervision.

The results presented here suggest an upper bound for the dose of EOCZ that should
be used in treatments via systemic administration. This is relevant because the pharmaco-
logic studies available in the literature report a large range of doses for the pharmacologic
efficacy of EOCZ; for example, 3–30 mg/kg for an anti-inflammatory effect [19] and
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3–300 mg/kg for gastroprotection [20]. Thus, for pharmacologic treatment with systemic
administration of EOCZ, including for gastric ulcer, the present study suggests that it is
advisable to use doses less than 300 mg/kg. In addition, the people in northeast Brazil
prepare alcoholic beverages with C. zehntneri leaves and small branches. Extraction of
EOCZ in the presence of alcohol may result in a high concentration of EOCZ and lead to
ingestion of high doses of EOCZ when the beverage is consumed.

Side effects of herbal compounds have been associated with the generation of reactive
intermediates by bioactivation processes [24,25]. It has been reported that aristolochic
acids, which are present in extensively used herbal medicines, induced tubular atrophy,
tubulointerstitial fibrosis, and low-molecular-weight proteinuria as well as urothelial can-
cer in healthy humans [33–36]. In addition, chemical analysis of EOCZ revealed that its
major compounds, anethole, estragole, eugenol and 1,8-cineole, are metabolized, leading
to the production of toxic metabolites that promote tubular damage [20–22,26–28,31,37–39].
In agreement with these observations, we showed that treatment with EOCZ induced
macrophage infiltration associated with TII. Thus, it is plausible to imagine that the dele-
terious effects of oral treatment of EOCZ on the kidneys observed in the present study
could be correlated to potentially toxic metabolites. Further experiments are necessary to
investigate this issue.

In the present work, we used CCr, plasma creatinine, and BUN as markers of GFR.
These parameters have been used in clinical practice as well as in animal models of renal
diseases [9–11,40]. Urinary flow is another important parameter since it has been reduced
in acute kidney injury (AKI) due to an abrupt decrease in glomerular function [41]. In
the present work, it was observed that all these parameters, including urinary flow, were
not modified by EOCZ treatment. In agreement, similar results have been obtained in the
subAKI animal model by different groups [10–13].

On the other hand, it has been shown, in chronic kidney disease (CKD) at end-stage,
that CCr is not a good marker of GFR. At this condition, the loss of tubular function leads to
the reduction of PT creatinine secretion as well as in creatinine urinary excretion misleading
the evaluation of glomerular function [4,42]. Herein, it was observed that urinary creatinine
was not changed by EOCZ treatment showing that PT creatinine handling is not modified.
Additionally, we observed that plasma BUN was not altered in EOCZ treated animals.
Together these results indicate that EOCZ treatment did not alter glomerular function.

Renal tubular damage could be associated with different causes [4,5]. In the subAKI
animal model, it has been proposed that there is hyperfiltration of albumin even though
the total GFR does not change [8–13]. In these conditions, there is an overload of albumin
at the PT, which leads to changes in the albumin endocytic machinery and a decrease in
albumin reabsorption, which promotes a further increase in proteinuria [4,5,11,12]. All
these processes are associated with pro-inflammatory and pro-fibrotic phenotypes and,
consequently, with the development of TII [4,5,11,12]. We observed that treatment with
EOCZ induced tubular damage similar to that observed in the subAKI animal model.
Particularly, proteinuria, collagen deposition, and macrophage infiltration were observed.
The observation that the simultaneous treatment of subAKI mice with EOCZ did not
ameliorate the tubular damage and did not promote addictive effects indicates that they
share a similar mechanism of development. In agreement, the proteinuria level was of
similar magnitude in the EOCZ and subAKI groups.

The kidneys control sodium homeostasis by modulating tubular handling of sodium [43].
In many renal diseases, especially of tubular origin, alterations in tubular reabsorption of
sodium are observed with no changes in GFR [30,44–46]. Previously, our group showed
that higher urinary Na+ excretion was associated with a reduction in tubular sodium
transporter activity in a subAKI animal model [47]. Here, we observed that treatment with
EOCZ similarly increased the fractional excretion of sodium, a marker of tubular sodium
reabsorption, without changes in glomerular function. The observation that glomerular
function is not altered by EOCZ treatment makes it more difficult to identify. In addition,
this process could promote renal scars, which could lead to more severe injuries after a
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second renal insult. In agreement with this view, it was observed previously that subAKI
animals have more severe renal damage when subjected to sepsis induced by cecal ligation
and puncture than control animals [8].

In conclusion, treatment with high doses of EOCZ has toxic effects on renal func-
tion, leading to TII and proteinuria. Indiscriminate use of essential oils without medical
supervision is therefore not advised.

4. Materials and Methods
4.1. Plant Material

Leaves of Croton zehntneri were collected in September 1998 near the city of Viçosa, CE,
Brazil. The identification of the plants was confirmed by Dr. F.J. Abreu Matos (Laboratory
of Natural Products, Universidade Federal do Ceará). A voucher specimen (no. 277477)
was deposited in the herbarium of Prisco Viana, Universidade Federal do Ceará.

4.2. Extraction and Chromatographic Analysis of EOCZ

EOCZ was isolated from freshly chopped leaves by steam distillation and chemically
analyzed as described previously [16,20–22]. Chemical characterization of EOCZ was
performed by gas chromatography/mass spectrometry. The chromatographic analysis
was carried out on a Hewlett-Packard 6971 chromatograph using the following analytical
conditions: a dimethylpolysiloxane DB-1 fused silica capillary column (30 m × 0.25 mm;
0.1 mm); helium (1 mL/min) as carrier gas; 250 ◦C injector temperature; 200 ◦C detector
temperature; a column temperature of 35–180 ◦C at 4 ◦C/min and then 180–250 ◦C at
10 ◦C/min; and mass spectra with the electronic impact of 70 eV. The compounds were
identified using a mass spectral library search and 13C-nuclear magnetic resonance spec-
troscopy. The composition of the essential oil from the leaves of Croton zehntneri used in
this study has been described previously [20–22,31]. Briefly, the composition of EOCZ was
85.7% anethole, 4.8% estragole, 2.95% 1,8-cineole, 2.2% trans-caryophyllene, and 2.23%
unidentified compounds.

4.3. Animals and Experimental Protocol

Male Swiss mice (8 weeks old) were kept at a constant temperature (22 ± 2 ◦C) in
a 12 h/12 h light/dark cycle with free access to standard chow and water. All animal
procedures were conducted in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. All experimental protocols were reviewed and
approved by the Institutional Ethics Committee of Universidade Federal do Rio de Janeiro
(protocol number 043/18).

The development of the subAKI animal model and EOCZ treatment was performed
as previously published [8–13,16]. Briefly, mice were divided randomly into 4 different
groups: (1) CONT group, mice treated with saline (used as a vehicle for bovine serum
albumin (BSA)) via intraperitoneal injection, and water (used as a vehicle for EOCZ) via
gavage; (2) EOCZ group, mice treated with EOCZ 300 mg/kg/day via gavage, and saline
via intraperitoneal injection; (3) subAKI group, mice treated with BSA 10 g/kg/day via
intraperitoneal injection and water via gavage; and (4) subAKI+EOCZ group, mice treated
with both BSA and EOCZ. All groups were treated daily for 7 consecutive days.

On day 5 of treatment, the mice were housed in metabolic cages for 48 h. Water, food,
and Na+ intake were measured, and urine output in the last 24 h was collected. The mice
were then euthanized with a mixture of ketamine (240 mg/kg) and xylazine (15 mg/kg).
Blood samples were obtained by cardiac puncture. Kidneys were perfused with heparinized
saline, removed, and prepared for histologic and immunohistochemical analyses.
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4.4. Renal Function Analysis

Renal function was analyzed as described previously [8–13]. The measurements
described below, in plasma and 24 h urine, were performed in our laboratory using com-
mercial kits available. Plasma and urinary Na+ levels were determined by the photometric
and colorimetric test (Sodium Rapid kit, no. 573351; Human Diagnostics, Wiesbaden,
Germany). The urinary protein concentration was determined by the Pyrogallol Red
method (Gold Analisa kit no. 498M; Belo Horizonte, MG, Brazil). The plasma and urinary
creatinine concentrations were measured using the alkaline picrate method (Gold Analisa
kit no. 335). Blood urea nitrogen (BUN) was determined by the urease method (Ureia
CE, Labtest kit no. 27-500; Lagoa Santa, MG, Brazil). The following parameters were
calculated as described previously by our group [47]: (1) creatinine clearance (CCr); 2) Na+

clearance (CNa+); (3) fractional excretion of Na+ (FENa+); (4) mass of urinary proteins in
24 h (mg/24 h); and (5) ratio between urinary proteins and creatinine (UPCr).

4.5. Histologic and Immunohistochemical Analyses

Histologic and immunohistochemical analyses were performed as previously pub-
lished [8–13]. Briefly, the kidneys were fixed in a 4% buffered formalin solution and
embedded in paraffin, and histologic sections (3-µm- or 7-µm-thick) were obtained. The
3-µm-thick kidney sections were stained with periodic acid-Schiff reagent (Sigma-Aldrich,
St Louis, MA) for assessment of the area of interstitial space. A specific antibody (dilution
1:50, cat MCA497; AbD Serotec, Raleigh, NC) was used to determine F4/80-positive cells
(macrophages) in the renal cortex [8–13]. Sections (7-µm-thick) were stained with picrosir-
ius red to determine the deposition of total collagen in the renal cortex. All images were
acquired using a Nikon 80i Eclipse microscope (Nikon, Japan), and 15 randomly selected
fields from each animal were analyzed with Image-Pro Plus software version 7.0.1.658
(Media Cybernetics, Rockville, MD, USA). The area of interstitial space was calculated as a
percentage of the total tissue area. Macrophage infiltration was calculated as the percentage
of positive staining in relation to the total tissue area. Cortical collagen deposition was
quantified as a percentage of positive red staining fibers in relation to the total tissue area.
All analyses were conducted in a blinded manner.

4.6. Statistical Analysis

All data are expressed as means ± standard deviation (SD). Graphics and statistical
analyses were performed using GraphPad Prism 8 (version 8; GraphPad Software, San
Diego, CA; www.graphpad.com). Statistical differences among the experimental groups
were determined by a one-way analysis of variance test followed by Tukey’s multiple
comparisons test. P < 0.05 was used to determine statistical significance.

Author Contributions: Conceptualization, J.H.L.-C. and C.C.-N.; Validation, D.B.P., C.M.T. and
C.C.-N.; Formal Analysis, D.B.P., C.M.T. and C.C.-N.; Investigation, K.F.S., D.B.P., G.M.S.; Resources,
C.M.T., A.A.S.P., J.H.L.-C. and C.C.-N.; Data Curation, D.B.P., A.A.S.P., J.H.L.-C. and C.C.-N.; Writing–
Original Draft Preparation, K.F.S., D.B.P. and C.C.-N.; Writing–Review and Editing, D.B.P. and
C.C.-N.; Visualization, D.B.P. and C.C.-N.; Supervision, A.A.S.P., J.H.L.-C. and C.C.-N.; Project
Administration, A.A.S.P. and C.C.-N.; Funding Acquisition, A.A.S.P. and C.C.-N. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by Conselho Nacional de Desenvolvimento Científico e Tec-
nológico (423724/2018-5 to A.A.S.P., 309795/2018-4 to A.A.S.P., 303793/2015-5 to C.C.N., 401700/2020-
8 to C.C.N.); and the Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio de
Janeiro (E-26/202.556/2019 to A.A.S.P., E-26/210.930/2019 to A.A.S.P., E-26/211.710/2015 to C.C.N.,
E-26/202.833/2017 to C.C.N., E-26/010.000983/2019 to C.C.N., E-26/210.181/2020 to C.C.N.).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Ethics Committee of Universidade Federal
do Rio de Janeiro (protocol code 043/18 and date of approval: 15 May 2018).

Informed Consent Statement: Not applicable.

www.graphpad.com


Plants 2021, 10, 1400 10 of 11

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank Lucas dos Santos Florentino (FAPERJ TCT
fellowships) for the excellent technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hoste, E.A.J.; Kellum, J.A.; Selby, N.M.; Zarbock, A.; Palevsky, P.M.; Bagshaw, S.M.; Goldstein, S.L.; Cerdá, J.; Chawla, L.S. Global

epidemiology and outcomes of acute kidney injury. Nat. Rev. Nephrol. 2018, 14, 607–625. [CrossRef]
2. GBD Chronic Kidney Disease Collaboration. Global, regional, and national burden of chronic kidney disease, 1990–2017: A

systematic analysis for the Global Burden of Disease Study 2017. Lancet 2020, 395, 709–733. [CrossRef]
3. Fang, F.; Hu, X.; Dai, X.; Wang, S.; Bai, Z.; Chen, J.; Pan, J.; Li, X.; Wang, J.; Li, Y. Subclinical acute kidney injury is associated with

adverse outcomes in critically ill neonates and children. Crit. Care 2018, 22, 256. [CrossRef]
4. Venkatachalam, M.A.; Weinberg, J.M.; Kriz, W.; Bidani, A.K. Failed tubule recovery, AKI-CKD transition, and kidney disease

progression. J. Am. Soc. Nephrol. 2015, 26, 1765–1776. [CrossRef] [PubMed]
5. Chevalier, R.L. The proximal tubule is the primary target of injury and progression of kidney disease: Role of the glomerulotubular

junction. Am. J. Physiol. Renal Physiol. 2016, 311, F145–F161. [CrossRef] [PubMed]
6. Theilig, F. Spread of glomerular to tubulointerstitial disease with a focus on proteinuria. Ann. Anat. 2010, 192, 125–132. [CrossRef]
7. Gorriz, J.L.; Martinez-Castelao, A. Proteinuria: Detection and role in native renal disease progression. Transplant. Rev. (Orlando)

2012, 26, 3–13. [CrossRef] [PubMed]
8. Portella, V.G.; Silva-Filho, J.L.; Landgraf, S.S.; de Rico, T.B.; Vieira, M.A.; Takiya, C.M.; Souza, M.C.; Henriques, M.G.; Canetti, C.;

Pinheiro, A.A.; et al. Sepsis-surviving mice are more susceptible to a secondary kidney insult. Crit. Care Med. 2013, 41, 1056–1068.
[CrossRef]

9. Abreu, T.P.; Silva, L.S.; Takiya, C.M.; Souza, M.C.; Henriques, M.G.; Pinheiro, A.A.; Caruso-Neves, C. Mice rescued from severe
malaria are protected against renal injury during a second kidney insult. PLoS ONE 2014, 9, e93634. [CrossRef]

10. Landgraf, S.S.; Silva, L.S.; Peruchetti, D.B.; Sirtoli, G.M.; Moraes-Santos, F.; Portella, V.G.; Silva-Filho, J.L.; Pinheiro, C.S.; Abreu,
T.P.; Takiya, C.M.; et al. 5-Lypoxygenase products are involved in renal tubulointerstitial injury induced by albumin overload in
proximal tubules in mice. PLoS ONE 2014, 9, e107549. [CrossRef]

11. Peruchetti, D.B.; Silva-Filho, J.L.; Silva-Aguiar, R.P.; Teixeira, D.E.; Takiya, C.M.; Souza, M.C.; Henriques, M.D.G.; Pinheiro,
A.A.S.P.; Caruso-Neves, C. IL-4 receptor α chain protects the kidney against tubule-interstitial injury induced by albumin
overload. Front. Physiol. 2020, 11, 172. [CrossRef]

12. Teixeira, D.E.; Peruchetti, D.B.; Silva, L.S.; Silva-Aguiar, R.P.; Oquendo, M.B.; Silva-Filho, J.L.; Takiya, C.M.; Leal-Cardoso, J.H.;
Pinheiro, A.A.S.P.; Caruso-Neves, C. Lithium ameliorates tubule-interstitial injury through activation of the mTORC2/protein
kinase B pathway. PLoS ONE 2019, 14, e0215871. [CrossRef]

13. Ishola, D.A., Jr.; van der Giezen, D.M.; Hahnel, B.; Goldschmeding, R.; Kriz, W.; Koomans, H.A.; Joles, J.A. In mice, proteinuria
and renal inflammatory responses to albumin overload are strain-dependent. Nephrol. Dial. Transplant. 2006, 21, 591–597.
[CrossRef] [PubMed]

14. Batatinha, M.J.; de Souza-Spinosa, H.; Bernardi, M.M. Croton zehntneri: Possible central nervous system effects of the essential oil
in rodents. J. Ethnopharmacol. 1995, 45, 53–57. [CrossRef]

15. Leal-Cardoso, J.H.; Fonteles, M.C. Pharmacological effects of essential oils of plants of the northeast of Brazil. An. Acad. Bras.
Cienc. 1999, 71, 207–213. [PubMed]

16. Silva-Alves, K.S.; Ferreira-da-Silva, F.W.; Coelho-de-Souza, A.N.; Leal-Cardoso, J.H. Essential oil of Croton zehntneri prevents
conduction alterations produced by diabetes mellitus on vagus nerve. Plants (Basel) 2021, 10, 893. [CrossRef] [PubMed]

17. Fontenelle, R.O.; Morais, S.M.; Brito, E.H.; Brilhante, R.S.; Cordeiro, R.A.; Nascimento, N.R.; Kerntopf, M.R.; Sidrim, J.J.; Rocha,
M.F. Antifungal activity of essential oils of Croton species from the Brazilian Caatinga biome. J. Appl. Microbiol. 2008, 104,
1383–1390. [CrossRef]

18. Oliveira, A.C.; Leal-Cardoso, J.H.; Santos, C.F.; Morais, S.M.; Coelho-de-Souza, S.M. Antinociceptive effects of the essential oil of
Croton zehntneri in mice. Braz. J. Med. Biol. Res. 2011, 34, 1471–1474. [CrossRef]

19. Ponte, E.L.; Sousa, P.L.; Rocha, M.V.; Soares, P.M.; Coelho-de-Souza, A.N.; Leal-Cardoso, J.H.; Assreuy, A.M. Comparative study
of the anti-edematogenic effects of anethole and estragole. Pharmacol. Rep. 2012, 264, 984–990. [CrossRef]

20. Coelho-de-Souza, A.N.; Lahlou, S.; Barreto, J.E.; Yum, M.E.; Oliveira, A.C.; Oliveira, H.D.; Celedônio, N.R.; Feitosa, R.G.; Duarte,
G.P.; Santos, C.F.; et al. Essential oil of Croton zehntneri and its major constituent anethole display gastroprotective effect by
increasing the surface mucous layer. Fundam. Clin. Pharmacol. 2013, 27, 288–298. [CrossRef]

21. Silva-Alves, K.S.; Ferreira-da-Silva, F.W.; Coelho-de-Souza, A.N.; Albuquerque, A.A.; do Vale, O.C.; Leal-Cardoso, J.H. Essential
oil of Croton zehntneri and its main constituent anethole block excitability of rat peripheral nerve. Planta Med. 2015, 81, 292–297.
[CrossRef] [PubMed]

22. Cavalcanti, J.M.; Leal-Cardoso, J.H.; Diniz, L.R.; Portella, V.G.; Costa, C.O.; Linard, C.F.; Alves, K.; Rocha, M.V.; Lima, C.C.;
Cecatto, V.M.; et al. The essential oil of Croton zehntneri and trans-anethole improves cutaneous wound healing. J. Ethnopharmacol.
2012, 144, 240–247. [CrossRef] [PubMed]

http://doi.org/10.1038/s41581-018-0052-0
http://doi.org/10.1016/S0140-6736(20)30045-3
http://doi.org/10.1186/s13054-018-2193-8
http://doi.org/10.1681/ASN.2015010006
http://www.ncbi.nlm.nih.gov/pubmed/25810494
http://doi.org/10.1152/ajprenal.00164.2016
http://www.ncbi.nlm.nih.gov/pubmed/27194714
http://doi.org/10.1016/j.aanat.2010.03.003
http://doi.org/10.1016/j.trre.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22137726
http://doi.org/10.1097/CCM.0b013e3182746696
http://doi.org/10.1371/journal.pone.0093634
http://doi.org/10.1371/journal.pone.0107549
http://doi.org/10.3389/fphys.2020.00172
http://doi.org/10.1371/journal.pone.0215871
http://doi.org/10.1093/ndt/gfi303
http://www.ncbi.nlm.nih.gov/pubmed/16326737
http://doi.org/10.1016/0378-8741(94)01195-6
http://www.ncbi.nlm.nih.gov/pubmed/10412491
http://doi.org/10.3390/plants10050893
http://www.ncbi.nlm.nih.gov/pubmed/33925228
http://doi.org/10.1111/j.1365-2672.2007.03707.x
http://doi.org/10.1590/S0100-879X2001001100016
http://doi.org/10.1016/S1734-1140(12)70895-2
http://doi.org/10.1111/j.1472-8206.2011.01021.x
http://doi.org/10.1055/s-0034-1396309
http://www.ncbi.nlm.nih.gov/pubmed/25714722
http://doi.org/10.1016/j.jep.2012.08.030
http://www.ncbi.nlm.nih.gov/pubmed/23000167


Plants 2021, 10, 1400 11 of 11

23. Lane, B.W.; Ellenhorn, M.J.; Hulbert, T.V.; McCarron, M. Clove oil ingestion in an infant. Hum. Exp. Toxicol. 1991, 10, 291–294.
[CrossRef]

24. Chen, X.; Serag, E.S.; Sneed, K.B.; Zhou, S. Herbal bioactivation, molecular targets and the toxicity relevance. Chem. Biol. Interact.
2011, 192, 161–176. [CrossRef]

25. Rietjens, I.M.; Boersma, M.G.; van der Woude, H.; Jeurissen, S.M.; Schutte, M.E.; Alink, G.M. Flavonoids and alkenylbenzenes:
Mechanisms of mutagenic action and carcinogenic risk. Mutat. Res. 2005, 574, 124–138. [CrossRef]

26. BIBRA. Toxicity Profile for Eucalyptus Oil; BIBRA Toxicology International: London, UK, 1991.
27. Kristiansen, E.; Madsen, C. Induction of protein droplet (alpha 2 mu-globulin) nephropathy in male rats after short-term dosage

with 1,8-cineole and l-limonene. Toxicol. Lett. 1995, 80, 147–152. [CrossRef]
28. De Vincenzi, M.; Silano, M.; De Vincenzi, A.; Maialetti, F.; Scazzocchio, B. Constituents of aromatic plants: Eucalyptol. Fitoterapia

2002, 73, 269–275. [CrossRef]
29. Gekle, M. Renal tubule albumin transport. Annu. Rev. Physiol. 2005, 67, 573–594. [CrossRef]
30. Landgraf, S.S.; Wengert, M.; Silva, J.S.; Zapata-Sudo, G.; Sudo, R.T.; Takiya, C.M.; Pinheiro, A.A.; Caruso-Neves, C. Changes in

angiotensin receptors expression play a pivotal role in the renal damage observed in spontaneously hypertensive rats. Am. J.
Physiol. Renal Physiol. 2011, 300, F499–F510. [CrossRef] [PubMed]

31. Cabral, P.H.; de Morais Campos, R.; Fonteles, M.C.; Santos, C.F.; Leal-Cardoso, J.H.; do Nascimento, N.R. Effects of the essential
oil of Croton zehntneri and its major components, anethole and estragole, on the rat corpora cavernosa. Life Sci. 2014, 112, 74–81.
[CrossRef] [PubMed]

32. Serra, D.S.; Moreira Gomes, M.D.; Cavalcante, F.S.Á.; Leal-Cardoso, J.H. Essential oil of Croton zehntneri attenuates lung injury in
the OVA-induced asthma model. J. Asthma 2019, 56, 1–10. [CrossRef] [PubMed]

33. Pitt, J.I. Chinese herbal medicines, aristolochic acid and Balkan endemic nephropathy. Occup. Environ. Med. 2011, 68, 237.
[CrossRef]

34. Debelle, F.D.; Vanherweghem, J.L.; Nortier, J.L. Aristolochic acid nephropathy: A worldwide problem. Kidney Int. 2008, 74,
158–169. [CrossRef]

35. De Jonge, H.; Vanrenterghem, Y. Aristolochic acid: The common culprit of Chinese herbs nephropathy and Balkan endemic
nephropathy. Nephrol. Dial. Transplant. 2008, 23, 39–41. [CrossRef] [PubMed]

36. Vanherweghem, J.L.; Depierreux, M.; Tielemans, C.; Abramowicz, D.; Dratwa, M.; Jadoul, M.; Richard, C.; Vandervelde, D.;
Verbeelen, D.; Vanhaelen-Fastre, R.; et al. Rapidly progressive interstitial renal fibrosis in young women: Association with
slimming regimen including Chinese herbs. Lancet 1993, 341, 387–391. [CrossRef]

37. Schmeiser, H.H.; Stiborova, M.; Arlt, V.M. Chemical and molecular basis of the carcinogenicity of Aristolochia plants. Curr. Opin.
Drug Discov. Devel. 2009, 12, 141–148.

38. Aprotosoaie, A.C.; Costache, I.; Miron, A. Anethole and its role in chronic diseases. Adv. Exp. Med. Biol. 2016, 929, 247–267.
[CrossRef]
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