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Abstract: Acute kidney injury, which is associated with high levels of morbidity and mortality, affects
a significant number of individuals, and can be triggered by multiple factors, such as medications,
exposure to toxic chemicals or other substances, disease, and trauma. Because the kidney is a critical
organ, understanding and identifying early cellular or gene-level changes can provide a foundation
for designing medical interventions. In our earlier work, we identified gene modules anchored
to histopathology phenotypes associated with toxicant-induced liver and kidney injuries. Here,
using in vivo and in vitro experiments, we assessed and validated these kidney injury-associated
modules by analyzing gene expression data from the kidneys of male Hartley guinea pigs exposed to
mercuric chloride. Using plasma creatinine levels and cell-viability assays as measures of the extent
of renal dysfunction under in vivo and in vitro conditions, we performed an initial range-finding
study to identify the appropriate doses and exposure times associated with mild and severe kidney
injuries. We then monitored changes in kidney gene expression at the selected doses and time points
post-toxicant exposure to characterize the mechanisms of kidney injury. Our injury module-based
analysis revealed a dose-dependent activation of several phenotypic cellular processes associated
with dilatation, necrosis, and fibrogenesis that were common across the experimental platforms
and indicative of processes that initiate kidney damage. Furthermore, a comparison of activated
injury modules between guinea pigs and rats indicated a strong correlation between the modules,
highlighting their potential for cross-species translational studies.

Keywords: predictive toxicology; RNA-seq; mercuric chloride; guinea pig; toxicity modules; KEGG
pathways

1. Introduction

Heavy metals, such as arsenic, cadmium, lead, mercury, and uranium, are commonly
used for a variety of purposes. However, they are environmental toxicants with the
potential to induce acute life-threatening or chronic debilitating health conditions [1–4].
According to the Agency for Toxic Substance and Disease Registry [5,6], mercury is the
third most toxic compound, after arsenic and lead, in terms of its frequency, toxicity, and
potential for human exposure. Mercuric compounds are ubiquitous in the environment
in different chemical forms, and avoiding exposure can be difficult for both humans and
animals. Of the mercury compounds, mercuric chloride involves numerous applications in
the preservation of anatomical specimens, photography, leather tanning, and fabric printing
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and as a chemical reagent and catalyst or disinfectant [7–9]. The vapor pressure of mercuric
chloride creates an inhalation hazard at normal temperatures, with increasing intensity at
higher temperatures. In addition, a small amount of mercuric chloride (0.1 g) can damage
body tissues, and doses greater than 1 g can be deadly for an adult human [9]. It is highly
soluble in water and can be taken up through inhalation, ingestion, and absorption through
the skin. Thus, mercuric chloride is classified as one of the most toxic and corrosive mercury
salts and has been associated with serious health issues, affecting the gastrointestinal tract,
central nervous system, and renal system [10,11]. Compared to other organs, the kidneys
are the prime target of buildup from prolonged exposure to mercuric chloride. The main
functions of the kidneys are to filter blood, remove waste products from the body, and
maintain the balance of water and solutes. Frequent exposure to mercuric chloride could
lead to accumulation in the proximal tubule epithelial cells, which reduces the detoxification
and excretion abilities of the kidney, eventually causing acute tubular necrosis and leading
to kidney failure [12,13]. Furthermore, mercuric chloride can cause acute renal failure, as
described in earlier studies [14–16], and is often used as a model toxicant to induce kidney
injury [17–21].

Understanding the direct relationship between a toxic chemical and acute kidney or
liver injury on the gene level requires a toxicogenomic approach. The field of toxicoge-
nomics involves the aggregation and analysis of gene expression, protein activity, and
metabolic profiling (transcriptomics, proteomics, and metabolomics) to reveal molecular
patterns of toxicity-induced injuries. Moreover, identifying molecular mechanisms and
relevant biomarkers will aid in understanding the toxic liability/safety profile of chem-
icals and drugs under development. In recent years, our research group has used these
approaches to identify significantly expressed genes and potential biomarkers to assess
the adverse effects of toxicants and their ability to induce liver and kidney injuries in
rats, using in vivo and in vitro experiments [22–26]. Identifying gene-level transcriptional
changes induced by a toxic chemical and linking them to a phenotypic process has been
accomplished in our previous studies using exemplar toxicants, such as thioacetamide,
acetaminophen, bromobenzene, carbon tetrachloride, and mercuric chloride [27–32]. In
particular, the Web-based gene-set analysis tool TOXPANEL 1.0 [33] assesses eight and
11 injury modules for kidney and liver co-expressed genes, respectively, to identify injury
phenotypes derived from the Open Toxicogenomics Project-Genomics Assisted Toxicity
Evaluation System (TG-GATES) database [34] or DrugMatrix [35]. Each module is sensitive
to the specific phenotype of the organ injury and its severity. TOXPANEL 1.0 modules also
support the characterization of the molecular mechanism behind liver and kidney injuries
and can be considered as a surrogate biomarker for molecular key events. In summary,
these efforts have integrated experimental in vitro or in vivo studies and computational
modeling techniques to determine the effects of hazardous chemicals.

In this study, we aimed to evaluate the toxic effects of mercuric chloride on the kidneys
of guinea pigs using in vivo and in vitro approaches and to identify similarities in kidney
responses between the two platforms. Initially, we performed preliminary dose-response
studies and identified the doses (1.00 and 1.50 mg/kg for in vivo and 30 and 40 µM for
in vitro) and exposure times (9 and 33 h for in vivo and 8 and 24 h for in vitro) that induce
noticeable and consistent alterations in the current clinical chemistry markers for kidney
dysfunction or cell viability assays. Then, for the selected doses and time points, we mea-
sured the transcriptional changes in the kidney (in vivo) or renal proximal tubular epithelial
cells (in vitro) using RNA sequencing and performed toxicogenomic analysis to compare
the results at different levels of biological complexity to characterize the mechanisms of
kidney injury. In our previous study [31], we reported the time- and dose-dependent effects
of mercuric chloride treatment on rats and described how it activated different injury mod-
ules that are linked to histopathological kidney changes associated with necrosis, dilatation,
degeneration, hyaline casts, and fibrosis. There are a number of studies addressing renal
toxicity for different exposures of mercuric chloride in rats [14,15,36–38]. Therefore, in the
current study, we extended this analysis and explored the interspecies correlation between
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mercuric chloride injuries induced in guinea pigs and rats through toxicity modules, altered
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways, and gene-level analysis
of the transcriptomic response. Moreover, this study also demonstrates the ability of our
injury modules to predict kidney injuries in guinea pigs.

2. Results and Discussion
2.1. Dose Optimization of Mercuric Chloride in Guinea Pigs

We performed preliminary studies to determine the appropriate low and high doses
and times for post-toxicant exposure that can be used to measure the transcriptional
changes in the kidney or renal tubular epithelial cells. For the in vivo studies, we exposed
guinea pigs to six different concentrations of mercuric chloride, i.e., 0.00 (control), 0.25,
0.50, 1.00, 1.50, and 2.00 mg/kg (n = 3 each), by giving an intraperitoneal injection and
monitoring the changes in body weight and plasma creatinine concentrations as shown
in Figure 1A,B. Except for the control (0.00 mg/kg) and the highest dose of mercuric
chloride (2.00 mg/kg), the body weight started to decrease nominally during the initial
24 h and increased later. For the control group, the body weight steadily increased, and
for the highest dose, it decreased continuously until 72 h, signifying a more significant
physical injury. Similarly, the plasma creatinine level for the control group did not show
marked variation, whereas it steadily increased until 72 h for the highest dose. Such a rapid
increase in the plasma creatinine concentration is known to be a characteristic feature of the
acute kidney injury (AKI) [39,40]. Mercuric chloride doses of 0.25, 0.50, and 1.00 mg/kg
do not appear to have caused injuries to the kidneys, as reflected by the absence of a
significant body weight loss and relatively small changes in plasma creatinine. We did
not observe any significant changes in plasma creatinine levels between 0 and 32 h after
doses of 0.25 and 0.50 mg/kg. The plasma creatinine levels increased within 8 h for most of
the doses but eventually reached normal levels of variation. However, plasma creatinine
levels increased significantly with the 1.50 and 2.00 mg/kg doses, indicating potential
complications, whereas the 1.00 mg/kg dose induced moderate changes. Therefore, we
selected a low dose to represent the highest dose that could lead to mild or no organ injury
and a high dose to represent the lowest dose that could result in organ injury as reflected
by plasma creatinine alterations. While considering all these factors, we selected a single
intraperitoneal injection of 1.00 and 1.50 mg/kg as the appropriate low and high doses of
mercuric chloride and 9 and 33 h as the two timepoints.

For the in vitro studies, we examined a total of 13 doses of mercuric chloride (n = 6
each), i.e., 0 (control), 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, and 80 µM, with regard to cell
viability (ATP content) of guinea pig renal proximal tubular epithelial cells. Figure 1C
shows the responses to all of the doses. Similar to the in vivo study, we selected a low dose
to represent the highest concentration leading to mild or no cell damage and a high dose to
represent the lowest concentration resulting in apparent cell death. Our criterion for the
high dose was to achieve a ≤20–30% drop in cell viability at the longer exposure times with
respect to control. The 5, 10, 15, 20, and 25 µM doses did not induce significant variations
in cell viability as compared to the response to the control dose. On the other hand, the 50,
60, 70, and 80 µM doses caused marked cell death and were not pursued further. The 30,
35, and 40 µM doses led to an ~5–20% decrease in cell viability. Because the cell viability
response was severe for the 40 µM dose, we selected 30 µM as the low dose and 40 µM as
the high dose and exposure times of 12 and 24 h.
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Figure 1. Measurements of injury markers. Effect of a single intraperitoneal injection of mercuric
chloride on (A) body weight and (B) plasma creatinine. (C) Effect of mercuric chloride on viability
(ATP content) of guinea pig renal proximal tubular epithelial cells. The colored data points and lines
represent the responses to the indicated doses of mercuric chloride.

2.2. Gene-Level Analysis

The impact of toxicant exposures can be quantified by the number of genes significantly
altered within a certain time duration in each experiment. Table 1 summarizes the number
of significantly altered differential expression genes (DEGs) and their overlap count from
the in vivo and in vitro experiments alone and their similarities across the conditions. The
criterion to identify DEGs was based on a q-value of <0.1. The relatively high number
of DEGs identified for the in vivo and in vitro studies highlights the deleterious impact
of mercuric chloride on the kidneys. As the dose of the toxicant increased (from 1.00 to
1.50 mg/kg for in vivo and from 30 to 40 µM for in vitro), the number of DEGs increased
from 4272 to 5665 for the in vivo and from 4377 to 7540 for the in vitro experiments at the
shorter time intervals of 9 h and 12 h, respectively. However, as the time increased, the
effect of the toxicant at the low dose was lessened, as reflected by the reduced number of
DEGs compared with the shorter time intervals. In contrast, in the in vivo studies with the
high dose of mercuric chloride, the DEGs count increased from 5665 to 8264, signifying
an increased effect on the kidneys with time. Moreover, we observed a similar trend in
our previous study of thioacetamide-induced kidney injury [27]. These results indicate
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that at low concentrations, the guinea pigs were able to cope with the mercuric chloride
toxicity and recovered as time progressed, but they may have incurred severe damage at
higher concentrations as reflected by the larger changes in the DEGs with higher doses,
indicating kidney injury. These results show the utility of significant DEGs in capturing
molecular-level changes in toxic injuries. In addition, we observed a large number of
overlapping genes within the in vivo or in vitro experiments for different dose and time
conditions (Table 1). We observed that the highest number of significant DEGs overlapped
(4679) for the high dose at the longer duration in vivo and with the shorter duration in vitro
between the two platforms. We also observed considerable overlap of DEGs at the high
dose between both platforms at the longer duration. The overall overlap of genes between
both sets of experiments indicates a possible commonality of kidney injury and linkage of
genes to injury phenotypes.

Table 1. Overlap of the number of significantly altered differential expression genes (q < 0.1) found
in guinea pigs in vivo and in vitro data across all dose and time conditions. HD, high dose; LD,
low dose.

Common Differential Expression Genes (DEGs)

In vivo

In vivo

Overlap
9 h 33 h

LD HD LD HD

9 h
LD 4272 3814 452 3296
HD 5665 542 4211

33 h
LD 836 784
HD 8264

In vitro

In vitro

Overlap
12 h 24 h

LD HD LD HD

12 h
LD 4377 3698 2240 2346
HD 7540 2588 3246

24 h
LD 3174 2397
HD 4286

In vivo

In vitro

Overlap
12 h 24 h

LD HD LD HD

9 h
LD 1808 2650 1275 1534
HD 2250 3441 1676 2041

33 h
LD 332 466 248 289
HD 2877 4679 2171 2825

To ascertain the impact of these overlapped DEGs between the two platforms on
kidney function, we performed a KEGG pathway analysis of the 2825 overlapping genes
between the in vitro and in vivo experiments (at the high dose and longer time point) using
the DAVID Gene Functional Classification Tool [41]. Table 2 shows the 15 most enriched
KEGG pathways that are common in both sets of experiments, with the cell cycle pathway
at the top of the list. Many of these pathways are previously known to be involved in AKI.
For example, when tubular epithelial cells come in contact with toxic chemicals, cell death
normally ensues, with closely related necrotic and apoptotic processes associated with
AKI [42–44].
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Table 2. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways enriched in overlapping
differential expression genes.

KEGG Pathway Benjamini p-Value

Cell cycle 3.8 × 10−11

ECM-receptor interaction 1.2 × 10−8

DNA replication 7.6 × 10−8

Metabolic pathways 1.8 × 10−6

Focal adhesion 2.2 × 10−6

PI3K-Akt signaling pathway 2.4 × 10−6

Fluid shear stress and atherosclerosis 2.4 × 10−6

p53 signaling pathway 5.7 × 10−5

Glutathione metabolism 8.9 × 10−5

Regulation of actin cytoskeleton 3.9 × 10−3

Drug metabolism—other enzymes 8.2 × 10−3

TNF signaling pathway 8.2 × 10−3

Glycine, serine, and threonine metabolism 1.6 × 10−2

Peroxisome 1.7 × 10−2

Chemical carcinogenesis—reactive oxygen species 3.2 × 10−2

ECM, extracellular matrix; PI3K, phosphatidylinositol 3-kinase; TNF, tumor necrosis factor.

The extracellular matrix-receptor interaction, focal adhesion pathways, and regulation
of the actin cytoskeleton are well-known disease processes associated with AKI [45–47].
The p53 pathway plays a pathological role in cisplatin-induced AKI [48,49]. In addi-
tion, glutathione metabolism has a key role in oxidative stress events, contributing to
tubular cell injury [50,51]. Furthermore, several of the other pathways listed in Table 1,
such as DNA replication, metabolic, phosphatidylinositol 3-kinase (PI3K)-Akt signaling,
and tumor necrosis factor (TNF) signaling, are also reported to be associated with renal
diseases [52–57].

To further characterize the relevance of significantly altered DEGs and their potential
role in kidney function and disease, we compared DEGs across all conditions and identified
the list of genes that are common across the platforms and conditions. Figure 2A shows the
count of the 87 common genes among each DEG set observed in both in vivo and in vitro
experiments for all combinations of low/high doses and shorter/longer times of exposure.
The presence of these overlapping genes in the mercuric chloride exposure datasets allows
us to examine a possible common correlation among the examined conditions. For this
purpose, we performed a principal component analysis (PCA) with these 87 genes and
the corresponding fold-change values from all the in vitro and in vivo dose/time datasets.
The PCA plot in Figure 2B shows four different clusters in different quadrants, clearly
separating all in vivo and in vitro experiments as well as shorter and longer exposure times.
This analysis did not allow us to identify any commonality or strong correlation among
the conditions.

By examining the individual averaged and sorted fold-change values from all eight
sets of 87 genes, we assessed individual gene up- or downregulation to better understand
the mapping of genes to kidney injuries. Table 3 shows the top 10 up- and downregulated
genes, indicating a common involvement of these genes in mercuric chloride exposure
in guinea pigs. For example, the upregulation of the glutathione-S-transferase (Gsta2,
Gsta5, Gsto1, and Gstp1) family of genes was found in the erythrocytes of patients with
chronic renal failure [58]. These genes provide protection for cells against reactive oxygen
species, and increased expression has been correlated with the cytotoxicity [59–61]. The
metallothionein genes (Mt2A, Mt1m) have also been associated with renal tissues and
play a protective role [62–64]. The additional upregulated genes listed in Table 3, such
as Uchl1, Rrm2, and Aldh1a7, are also closely connected with AKI pathways [60]. On
the other hand, the top downregulated gene among the experimental set was slc7a13,
which has been identified in AKI conditions [65–67]. Other downregulated gene sets (cbr1,
ppp1r3c, smoc1, cd200, and Col11a1) have also been connected with acute or chronic kidney
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injury [60,68,69]. In summary, exploring genetic information and highlighting the common
genes among different experimental models offers a reasonable approach to characterize
kidney injury mechanisms.
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Figure 2. (A) Venn diagram depicting common differential expression genes (DEGs) between differ-
ent times of exposure and doses of mercuric chloride for in vivo and in vitro studies. (B) Principal
component analysis (PCA) for 87 common DEGs obtained from all conditions in the in vivo and
in vitro data. The in vivo and in vitro conditions are presented on the left and right panels, respec-
tively. The white and blue circles represent shorter and longer times of exposure, respectively. HD,
high dose; LD, low dose.

Table 3. The top 10 up- and downregulated differential expression genes from the 87 common genes
for the different doses and exposure times in the in vivo and in vitro guinea pig data. FC, fold change.

Gene (Down) log2 (FC) Gene (Up) log2 (FC)

Slc7a13 −1.98 Gsta2 7.07
Cbr1 −1.73 Gsta5 7.07

LOC100360601 −1.73 Mt2A 6.47
LOC102556347 −1.73 Mt1m 6.47

Ppp1r3c −1.42 Gsto1 3.04
Cltrn −1.41 Mt1 2.69

Smoc1 −1.17 Uchl1 2.51
Cd200 −1.15 Gstp1 1.65

Col11a1 −1.04 Rrm2 1.61
Bend5 −1.00 Aldh1a7 1.57

2.3. Kidney Injury Module Activation Analysis

In our earlier work, we formulated eight kidney injury and 11 liver injury modules,
each consisting of multiple sets of genes associated with the histopathological kidney or
liver injury phenotypes, and all the functionality of these modules and gene analyses
are accessible through the TOXPANEL software 1.0 [33]. We used TOXPANEL 1.0 with
the guinea pig genomic data to analyze the responses of the co-expressed genes and
assess the severity of kidney injury. Table 4 lists the activation scores (z-scores) for all
eight kidney injury modules in guinea pigs for both sets of experiments (in vivo and
in vitro) at two doses of mercuric chloride and two assessment times. The degree of
activation of the different modules was assessed via the z-score metric, and values >2 were
regarded as a significant indication of injury. The in vivo experiment results essentially
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showed activation of the five modules, specifically Dilatation, Hyaline Cast, Degeneration,
Necrosis, and Fibrogenesis, for the low and high doses at the shorter or longer exposure
times. As the dose increased, most of the module scores showed higher z-scores, signifying
a strong dependence on the dosage. Similarly, many of the modules’ z-scores increased
as time progressed for the in vivo study, which is in qualitative agreement with earlier
observations [27–29,31]. In general, the modules from the in vivo study showed stronger
activation at higher doses and longer time points, but we noted the activation of these
modules at the lower dose and shorter time points as well. However, the trend was
the opposite with the z-scores for the in vitro outcomes. The z-scores for most of the
modules in the in vitro study displayed much lower activation across different dose and
time conditions as compared with the in vivo z-scores. For the in vitro experiments, we
observed the activation of the Dilatation, Necrosis, Cellular Infiltration, Fibrogenesis, and
Cellular Infiltration modules for the high dose of mercuric chloride at the shorter exposure
time. However, most of the module activation declined as time increased, except for
Dilatation and Fibrogenesis. The activation of some of the modules occurred at a lower dose
and shorter time; however, all module scores abated by 24 h. To further understand the
correlation between both sets of experiments, Figure 3 shows three correlation plots of
module scores for different doses and times of exposure. Because it is difficult to compare
and obtain correlation metrics for different experimental systems, doses, and exposure
times, it is encouraging that we observed a fair correlation (R2~0.31) between the high dose
and longer time (HD-LT) conditions for both in vitro and in vivo experiments. Furthermore,
different time and dose conditions also demonstrated a fair correlation between the module
scores of the experimental systems.
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Table 4. Activation scores for kidney injury modules based on gene expression data collected at
different doses and exposure times during the in vivo and in vitro guinea pig studies. Bold font
indicates values above the 2.0 significance threshold. HD, high dose; LD, low dose.

Kidney Injury
Modules

In Vivo In Vitro

9 h 33 h 12 h 24 h
LD HD LD HD LD HD LD HD

Dilatation 1.51 2.72 5.65 10.45 0.51 2.94 0.63 2.59
Hyaline cast 2.38 3.54 4.29 9.64 0.32 1.73 0.41 1.20

Degeneration 2.55 3.09 4.74 7.58 2.74 1.10 0.31 0.96
Necrosis 5.05 6.10 3.45 6.70 1.57 2.74 1.77 1.72

Fibrogenesis 2.07 2.79 2.18 3.67 3.03 5.11 1.03 2.34
Intracytoplasmic
inclusion body 0.68 1.43 0.17 3.50 1.51 4.88 0.39 0.85

Hypertrophy 0.32 −0.43 −0.04 1.50 −0.21 0.80 0.65 −0.52
Cellular infiltration −1.63 −1.04 2.15 0.04 4.06 2.05 1.35 0.82

2.4. Correlation between Guinea Pig and Rat Mercuric Chloride Exposures

Our earlier work [31] examining rat in vivo exposure to mercuric chloride showed the
activation of the Dilatation, Hyaline Cast, Degeneration, Necrosis, and Fibrogenesis modules at
the higher dose and longer exposure time (34 h). Hence, it is of interest to examine the inter-
species correlation between guinea pig and rat mercuric chloride exposure. The guinea
pig in vivo results in this study also demonstrated the activation of all these modules to a
similar or greater degree at the higher dose and longer time (33 h). The similarity of the
module activation between the two studies indicates a similar type of molecular response
mechanism or pathway behind the injury phenotype activity. In the rat in vivo study, the
Necrosis and Dilatation modules were also activated with less intensity at the higher dose
and shorter exposure time (10 h). In addition, the activation of the modules was not seen
for the low dose of mercuric chloride at 10 h or 34 h after treatment. However, in this
guinea pig in vivo study, we did observe the activation of most of these five modules for a
shorter time of exposure at low or high doses. Comparably, the Dilatation, Necrosis, and
Fibrogenesis modules also showed activation in the in vitro guinea pig study at the high
dose and shorter exposure time (12 h). As time progressed, cells started to decay, and
only the Dilatation and Fibrogenesis modules remained activated at the 24-h exposure time.
Previous studies of rodent mercuric chloride exposure have shown that the largest impact
can be seen on the oxidative stress, morphological alterations, and inflammatory responses,
which involve the hallmark degeneration proceedings related to Necrosis, Dilatation, Fibrosis,
Degeneration, and Hyaline Casts modules, in accordance with the known histopathology
associated with mercuric chloride [13,14,17,18,20,21,36,38,55,70].

Figure 4 shows the correlation plots of module z-scores for different doses and expo-
sure times for the guinea pig and rat studies. We observed a correlation score of R2~0.64 for
the high dose and longer exposure time between the rat and guinea pig in vivo data. Simi-
larly, different exposure times and dose conditions also demonstrated strong correlations
of the module scores (R2~0.81 for low dose-longer time vs. high dose-longer time) between
both sets of experiments. Furthermore, we also used the module score of the rat in vivo and
guinea pig in vivo and in vitro data to identify the correlation between the experimental
outcomes for doses and exposure times.
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Figure 4. Correlation between the kidney injury modules for guinea pig versus rat in vivo data.

Figure 5 shows the PCA plot of the three clusters representing the three different
experimental groups. The PCA plot indicates a clear division of clusters between the in vitro
data and the rat/guinea pig in vivo data. There is an overlap of the cluster signifying
robust correlations between the rat and guinea pig in vivo data. The data for the rat in vivo
higher dose and longer exposure time are in close proximity to the guinea pig in vivo data.
Furthermore, for the rat or guinea pig in vivo datasets, the data for the high dose with
the longer exposure time are positioned at the extreme right of the respective clusters as
compared with all the data within the cluster, indicating heightened injuries in both animal
models. These findings demonstrated a relational capability and injury sensitivity of using
modules to assess and understand the interspecies correlation with respect to experimental
model, dose, and time considerations.
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Figure 5. Principal component analysis (PCA) for kidney injury module activation for the different
conditions of guinea pig (in vivo and in vitro) and rat data (in vivo) [31]. The circles and asterisks
represent samples from guinea pigs and rats, respectively. The black and blue symbols represent the
shorter and longer exposure times, respectively. HD, high dose; LD, low dose.

2.5. KEGG Pathway Analysis

The development of AKI involves multiple cellular processes, signaling pathways, in-
flammatory responses, and molecular mechanisms. Identification and interpretation of the
physiological processes and pathways associated with toxicant-induced kidney injury aid
in delineating known and unknown AKI mechanisms. The TOXPANEL software 1.0 [33]
uses the AFC method [71,72] to calculate and display the KEGG upregulated and downreg-
ulated pathways. Figure 6 shows all the key KEGG pathways identified in the guinea pig
in vivo and in vitro experiments for all the conditions examined here. We categorized the
pathways into three different groups, i.e., Metabolism, Cell and Immune Signaling, and Cell
Cycle/Translation/Transcription. The significantly upregulated and downregulated pathways
are shown by their z-scores and are color coded for all the dose and exposure time con-
ditions. Figure 6 indicates that most of the metabolic pathways in the in vivo study were
downregulated for carbohydrate, amino acid, global, lipid, and xenobiotic metabolism at
shorter and longer exposure times for both doses of mercuric chloride. However, these
trends were different for the in vitro data, which showed primarily upregulated pathways.
While information on AKI and its association with metabolic pathways is limited in the
available literature, the cytochrome P450 family of hemoproteins has been shown to be
closely involved in the oxidative metabolism of drugs [73]. In addition, different clinical
studies showed the impairment of cytochrome and transporter activity in kidney injury
processes [74,75] and that an adequate supply of glutathione is crucial for maintaining kid-
ney function and helps in detoxifying the kidneys [76,77]. Our results showed upregulation
for some pathways, i.e., Drug Metabolism, Cytochrome P450, Metabolism of Xenobiotics, Other
Enzymes, and Glutathione Metabolism, at a shorter time period. However, as time progressed,
most of the metabolism pathways became downregulated. The downregulated trend of the
metabolism-related pathways was consistent with the experimental findings, indicating
impaired renal function [56,78–80].
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The inflammatory response is critical in AKI pathogenesis and is regularly associated
with increased cytokines, lung chemokine upregulation, and neutrophilic infiltration [81].
The cytokines play an essential role in the activation or differentiation of inflammatory and
immune responses and also have pro-inflammatory and anti-inflammatory properties [82].
Cytokines and chemokines are key pathways for regulating inflammation, immune re-
sponses, and cellular signaling. Our results for most of the cell and immune signaling path-
ways displayed upregulation for guinea pigs in vivo and in vitro, consistent with our earlier
rat mercuric chloride study [31]. A number of potent mediator pathways for epithelial prox-
imal tubular cell injury and AKI involves TNF, Toll-like receptor (TLR), cytokine-cytokine
receptor interaction, interleukin-17, p53, PI3K-Akt, mitogen-activated protein kinase, focal
adhesion, cell cycle, regulation of actin cytoskeleton, cell adhesion molecules, complement
and coagulation cascade, and chemokine signaling [23,44–46,49,55–57,70,83–89]. All these
signaling pathways are involved in the cellular processes of proliferation, apoptosis, and



Int. J. Mol. Sci. 2023, 24, 7434 13 of 21

adhesion. The upregulation of these pathways, especially at the later time point, is in
overall agreement with the known AKI pathophysiology and indicative of kidney injury.

3. Materials and Methods
3.1. Experimental Design for In Vivo Studies
3.1.1. Animals

We purchased 4-week-old male Hartley guinea pigs from Charles River Laboratories
(Wilmington, MA, USA). We fed them a normal diet (No. 5025, LabDiet, St. Louis, MO,
USA) and provided water ad libitum in an environmentally controlled room with a 12:12-h
light-dark cycle and the temperature set at 23 ◦C. All experiments were conducted in
accordance with the Guide for the Care and Use of Laboratory Animals of the United States
Department of Agriculture, the Vanderbilt University Institutional Animal Care and Use
Committee, and the U.S. Army Medical Research and Development Command Animal
Care and Use Review Office.

Guinea pigs were kept for 7 days prior to any treatment to recover from the stress of
conveyance and to acclimate to their new housing environment. Then, we anesthetized
them with isoflurane and implanted a sterile silicone catheter (0.5 mm inner diameter,
0.94 mm outer diameter) into the right jugular vein. The free end of the catheter was passed
subcutaneously to the back of the neck, where it was fixed and occluded with a metal plug
following a flush of heparinized saline (200 U heparin/mL saline) [90]. After the procedure,
animals were housed individually in a metabolic cage (Harvard Apparatus, Holliston, MA,
USA) for 7 days to recover from the stress associated with the surgery before we began
the studies for optimization of mercuric chloride dose and length of exposure and for
measuring the toxicant-induced changes in gene expression.

3.1.2. Preliminary Studies for Optimization of Dose and Time after Exposure

To determine the appropriate dose of mercuric chloride and time after exposure,
we divided the animals into six groups (n = 3 per group) and treated them with either
vehicle (1 mL/kg saline) or mercuric chloride (0.25, 0.50, 1.00, 1.50, or 2.00 mg/kg, injected
intraperitoneally at 9 a.m.). We collected blood samples (150 µL) from the jugular vein
catheter under unanesthetized and unrestricted conditions just before as well as 8, 24, 32,
48, 56, 72, 80, 96, and 104 h after the dosing treatment. After the last blood collection,
we euthanized the guinea pigs by intravenous administration of sodium pentobarbital
(120 mg/kg) through the jugular vein and harvested the kidneys. We quantified plasma
creatinine as a measure of kidney functionality using a creatinine assay kit (ab65340, Abcam
Inc., Waltham, MA, USA).

3.1.3. Studies for Measuring Changes in Gene Expression

Based on the results of preliminary studies to optimize the dose and time after ex-
posure, we selected 1.00 and 1.50 mg/kg as the low and high doses, respectively, and
9 and 33 h as the time elapsed after mercuric chloride exposure (Figure 7). In mammals,
the expression and/or activity of key metabolic enzymes, transcription factors, signaling
molecules, and transporters display circadian rhythmicity, with an oscillation of 24 h,
which is driven by the light-dark cycle and controlled by a central nervous system (CNS)
and peripheral circadian clock system. The feeding cycle controlled by the CNS clock is
dominant over the clock associated with the liver, thus affecting the circadian oscillation of
lipid, glucose, bile, and drug metabolism in the liver. The circadian oscillation affects gene
expression and metabolism in the kidney [91]. In addition, absorption of nutrients that
may occur during a small feeding event during the fasting period of a feeding cycle would
affect metabolite and hormonal concentrations in the blood as well as renal metabolism.
Therefore, to avoid the influence of circadian oscillation and irregular feeding on our mea-
surements, we set the collection time of blood and kidneys at 5 p.m. and fasted animals for
8 h, from 9 a.m. to 5 p.m., in the light phase of the light-dark cycle prior to sampling.
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As shown in Figure 7, on Day 1, for both the 9- and 33-h exposure times, following
blood collection, we treated the animals with either vehicle or mercuric chloride via in-
traperitoneal injection at 8 a.m. Then, in the 9-h exposure study, we allowed animals access
to water ad libitum but not to food after 8 a.m. In the 33-h exposure study, animals were
allowed access to water and food ad libitum for the first 24 h after treatment, and then
food was removed at 8 a.m. on Day 2. At 5 p.m. on Day 1 of the 9-h exposure study and
on Day 2 of the 33-h exposure study, following blood collection through the jugular vein
catheter, we anesthetized the animals by intravenous injection of sodium pentobarbital
(50 mg/kg) through the jugular vein catheter and immediately subjected them to a laparo-
tomy. We dissected the kidneys and froze them using Wollenberger tongs precooled in
liquid nitrogen. The collected plasma and kidneys were kept in a −80 ◦C freezer until
analysis. Frozen whole kidneys were powdered in liquid nitrogen since these organs are
histologically heterogeneous. Total RNA was isolated from the powdered kidneys using
TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA) and the direct-zol RNA
MiniPrep kit (Zymo Research, Irvine, CA, USA).

3.2. Experimental Design for In Vitro Studies
3.2.1. Animals

We purchased 4-week-old male Hartley guinea pigs from Charles River Laboratories
(Wilmington, MA, USA). We fed them Guinea Pig Chow 5025 (LabDiet, St. Louis, MO,
USA) and provided water ad libitum in an environmentally controlled room with a 12:12-h
light-dark cycle at room temperature. All experiments were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals of the United States Department
of Agriculture, the Vanderbilt University Institutional Animal Care and Use Committee,
and the U.S. Army Medical Research and Development Command Animal Care and Use
Review Office.

3.2.2. Guinea Pig Renal Proximal Tubular Epithelial Cell Isolation and Culture

We isolated the renal proximal tubules from 6- to 8-week-old guinea pigs using a sub-
stantially modified version of the method previously reported for the isolation of proximal
tubular epithelial cells from rabbits [92]. We anesthetized the guinea pigs by intraperitoneal
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injection of sodium pentobarbital (50 mg/kg) and performed a midline abdominal incision.
Following ligations of the superior mesenteric artery and the aorta directly below the celiac
artery, we immediately cannulated the aorta at the distal site of the left renal artery. We
perfused the kidneys in a flow-through manner with ice-cold Dulbecco’s modified Eagle’s
medium (DMEM)/F12 at a flow rate of 28 mL/min for 5 min, followed by perfusion with
an ice-cold iron oxide particle solution (0.75 g iron oxide particles/15 mL DMEM/F12) at a
flow rate of 1 mL/s for 15 s. We drained the effluent through the vena cava during these
perfusions and harvested and decapsulated the kidneys following the perfusions. We sepa-
rated the entire renal cortex from the medulla and cut it into approximately 1-mm2 pieces in
ice-cold DMEM/F12 solution. We smashed the cubes on a 380-µm metal sieve using a glass
bar, and the material passing through the mesh was maintained as a suspension in 100 mL
ice-cold DMEM/F12 medium. We removed glomeruli containing iron oxide from the sus-
pension using a magnetic stir bar. Following filtration of the resulting suspension through
a 40-µm nylon mesh, we resuspended the purified proximal tubules retained by the mesh
in 20 mL of fresh DMEM/F12 medium containing 0.0025% soybean trypsin inhibitor (Type
1-S, Sigma-Aldrich, St. Louis, MO, USA) and 1 mg collagenase H (Worthington, Lakewood,
NJ, USA) and incubated them for 3 min at 37 ◦C. We refiltered the suspension through a
40-µm nylon mesh and resuspended the proximal tubes retained by the mesh in 20 mL of
epithelial cell medium (Epi CM-A, ScienCell Research Laboratories, Carlsbad, CA, USA).
We plated the suspended proximal tubes onto two 10-cm poly-D-lysine-coated plates and
maintained them at 37 ◦C in a humidified 5% CO2 incubator for 10–12 days to allow tubular
epithelial cells to form a tight “cobblestone-like” monolayer. The epithelial cells were
harvested using 0.05% trypsin-EDTA solution (25300, Thermo Fisher Scientific), collected
with Epi CM-A, and centrifuged at 600× g for 10 min. We resuspended the resulting cell
pellet of epithelial cells in Epi CM-A and plated the cells onto poly-D-lysine-coated 96-well
plates at 2 × 104 cells/well for measurement of cell viability and onto poly-D-lysine-coated
6-well plates at 3 × 105 cells/well for RNA isolation. After 48 h of culture to allow cell
reattachment, we changed the cell culture medium to the Hepatocyte Maintenance Medium
(CC-3198, Lonza, Basel, Switzerland) for 48 h before exposure to mercuric chloride.

3.2.3. Preliminary Studies to Ascertain the Optimal Exposure of Toxicant

To optimize the dose and length of exposure to mercuric chloride, we exposed guinea
pig renal proximal tubular epithelial cells to vehicle or multiple concentrations of mercuric
chloride ranging from 0 to 80 µM (n = 6 for each) for various lengths of time (6, 9, 12,
and 24 h). After the cells were exposed to vehicle or mercuric chloride, we assessed cell
viability by measuring cellular ATP content for each dose and time combination using the
CellTier-Glo 2.0 assay kit (Promega, Madison, WI, USA) according to the protocol of the
manufacturer.

3.2.4. Exposure of Cells to Toxicant for RNA Isolation

Based on the results of preliminary studies, we chose 30 and 40 µM as the low and
high doses of mercuric chloride for renal proximal tubular epithelial cell exposure. We also
selected 12 and 24 h as the shorter and longer lengths of exposure to mercuric chloride
(Figure 7). To extract RNA from the cultured cells for each combination of dose and time,
we removed the culture medium, added 1 mL TRIzol (Thermo Fisher Scientific, Waltham,
MA, USA) to each well of cells, and harvested the lysed cells in the TRIzol solution. We
further purified the RNA collected from the aqueous phase of TRIzol using the RNeasy Plus
Mini kit (Qiagen, Germantown, MD, USA) and eliminated genomic DNA by in-column
DNase I digestion.

3.3. RNA Sequencing

We submitted the isolated RNA samples from the in vivo and in vitro studies to the
Vanderbilt University Medical Center VANTAGE Core (Nashville, TN, USA) for RNA
quality determination and sequencing. Total RNA quality was assessed using a 2100 Bioan-
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alyzer (Agilent, Santa Clara, CA, USA). At least 200 ng of DNase-treated total RNA with
high RNA integrity were used to generate poly-A-enriched mRNA libraries using KAPA-
stranded mRNA sample kits with indexed adaptors (Roche, Indianapolis, IN, USA). Library
quality was assessed using the 2100 Bioanalyzer (Agilent), and libraries were quantitated
using KAPA library quantification kits (Roche). Pooled libraries were subjected to 75-bp
paired-end sequencing for in vivo studies and 150-bp pair-end sequencing for in vitro
studies according to the manufacturer’s protocol (Illumina NovaSeq6000, San Diego, CA,
USA). Bcl2fastq2 Conversion Software (Illumina) was used to generate demultiplexed Fastq
files. All the files obtained from the RNA-seq are deposited in the NCBI’s Gene Expression
Omnibus (GEO) database, using GEO series accession number GSE226313.

3.4. Analysis of RNA-seq Data

To analyze the RNA-seq data, we used the Kallisto tool [93], which involves the pseudo-
alignment of reads to a reference genome and quantification of the transcript abundances
for each read. Here, we pseudo-aligned the reads to the Cavia porcellus transcriptome
downloaded from the Ensemble website [94]. The Kallisto analysis is comparable to other
challenging methods in terms of accuracy and computational time expense [95]. The
bootstrapping technique involving estimation for the uncertainty of transcript abundance
was handled by repeating the analyses 100 times after resampling with replacement. In
addition, to identify the DEGs, we used Kallisto’s companion analysis tool Sleuth [96],
which uses the transcript abundance data obtained from Kallisto to estimate the technical
gene variance for each sample. We also set the criteria for the significantly expressed genes
with a false discovery rate-adjusted p-value (q-value) of ≤0.1. All the genes and their
associated q-values and fold changes can be found in the Supplementary Materials.

3.5. Injury Module Activation and Pathway Analysis

We employed the publicly available gene expression-based injury module analysis
web tool TOXPANEL 1.0 to assess kidney injury activation from the guinea pig in vitro
or in vivo genomic data. This tool uses the aggregated absolute fold-change (AAFC) and
aggregate fold-change (AFC) methods developed previously by our research group [27,28].
The genomic data consist of a set of genes for control and treatment cohorts and their
log-transformed gene-expression values. The AAFC method calculates the fold changes
by taking the difference between the mean log-transformed gene-expression values for
all the samples in the treatment and control cohorts. This results in the identification of
a set of genes that are significantly changed, with a fold-change value for each gene, and
is subsequently reflected in the z-score of each module or pathway encompassing several
gene sets with their fold-change values. The AAFC method only accounts for the change in
the set of genes and does not identify up- or downregulated genes. The AFC method can
provide the directionality of gene expression (sum of the up- or down-expressed genes),
which becomes useful for KEGG pathway analysis [97]. Readers are referred to earlier
articles [71,72] for additional details about the AFC methodology.

We estimated the significance of each module and set of genes using its p-value, which
is essentially defined as the probability that the score for randomly selected fold-change
values (repeated 10,000 times) is greater than the score from the actual module [33]. A
p-value < 0.05 signifies the importance of the module. The z-score parameter, which is
the number of standard deviations by which the actual module value changes from the
mean of the arbitrarily selected fold-change values (repeated 10,000 times), specifies the
gradation of module activation and signifies the role of different modules and their severity
when subjected to a toxicant [33].

4. Conclusions

We examined mercuric chloride-induced kidney injuries in guinea pigs using a com-
bination of in vivo and in vitro experimental and computational modeling techniques,
compared the guinea pig studies with similarly developed rat studies, and explored the
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underlying toxicogenomic signals for the dose-dependent injuries. We analyzed RNA-seq
data from mild and severe kidney injuries to identify common genes among the stud-
ies, enrichment of AKI-relevant KEGG pathways, and activation of gene modules as a
means to gauge interspecies toxicant–response correlations. A large number of DEGs in
the in vivo and in vitro experiments were directly related to previously annotated kidney
injury-related genes, with the overall overlap among them highlighting the inherent simi-
larity among genes and pathways that were impacted by the model kidney toxicant. The
developed kidney-injury gene modules in the TOXPANEL 1.0 application comprise sets of
co-expressed genes correlated with specific injury phenotypes, capturing genes directly
or indirectly associated with molecular toxicity and pathways relating to the histological
damage of the kidney. Specifically, we observed the activation of the Dilatation, Hyaline
Cast, Degeneration, Necrosis, and Fibrogenesis modules in the in vivo guinea pig study at
different dose and exposure time conditions, consistent with our earlier studies of rat
mercuric chloride exposure and with known mechanisms of AKI. The modules displayed a
dose-dependent response with significantly higher activation at the higher as compared
to the lower dose. The sensitivity of injury module activation based on gene expression
changes was evident in both the in vitro and in vivo experimental platforms and provided
an indication of kidney damage even at the low dose and short exposure times, indicating
that injury modules could also serve as a tool for predicting kidney injuries. In addition,
the KEGG pathway enrichment analysis revealed the activation of several pathways and in-
flammatory processes associated with the activation of kidney injury modules. Altogether,
the TOXPANEL 1.0 modules offer the benefit of predicting histopathological damage while
offering the advantage of quantitively characterizing the underlying mechanisms of cellu-
lar damage. In the end, we plan to directly relate our findings to humans by expanding
our interspecies comparisons to include in vitro studies of human cells to identify gene
expression data, injury modules, and pathways that are similar.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24087434/s1.

Author Contributions: H.G., R.L.P., V.P., M.D.M.A., M.S. and A.W. made significant contributions to
the overall conception, design, simulation, analysis, and writing of the entire work. M.S. and R.L.P.
designed the in vivo and in vitro experimental protocols for the animal studies, and C.S., S.K.E. and
M.S. performed the in vivo and in vitro experiments and the extraction and purification of RNA.
H.G. performed the simulations, analyzed the gene expression data, and wrote the initial draft of the
manuscript. V.P., M.D.M.A. and A.W. supported the analysis of the results and the preparation of the
figures and tables and edited the final version of the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the U.S. Army Medical Research and Development Command
(Fort Detrick, MD) under Contract No. W81XWH20C0031 and by Defense Threat Reduction Agency
Grant CBCall14-CBS-05-2-0007. The Vanderbilt University Medical Center VANTAGE Core provided
technical assistance for RNA sequencing, and VANTAGE is supported in part by Clinical and
Translational Science Award Grant 5UL1 RR024975-03, Vanderbilt Ingram Cancer Center Grant P30
CA68485, Vanderbilt Vision Center Grant P30 EY08126, and National Institutes of Health/National
Center for Research Resources Grant G20 RR030956.

Institutional Review Board Statement: The animal study protocol was approved by the Vanderbilt
University Institutional Animal Care and Use Committee (M/13/097, 1 October 2014). The animal
study was conducted in accordance with the Guide for the Care and Use of Laboratory Animals of
the United States Department of Agriculture, the Vanderbilt University Institutional Animal Care
and Use Committee, and the U.S. Army Medical Research and Development Command Animal Care
and Use Review Office.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in NCBI’s GEO database
for gene repository under accession number GSE226313.

https://www.mdpi.com/article/10.3390/ijms24087434/s1
https://www.mdpi.com/article/10.3390/ijms24087434/s1


Int. J. Mol. Sci. 2023, 24, 7434 18 of 21

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

Disclaimer: The opinions and assertions contained herein are the private views of the authors and
are not to be construed as official or as reflecting the views of the U.S. Army, the U.S. Department
of Defense, or The Henry M. Jackson Foundation for Advancement of Military Medicine, Inc. This
paper has been approved for public release with unlimited distribution.

References
1. Barbier, O.; Jacquillet, G.; Tauc, M.; Cougnon, M.; Poujeol, P. Effect of heavy metals on, and handling by, the kidney. Nephron

Physiol. 2005, 99, 105–110. [CrossRef] [PubMed]
2. Tchounwou, P.B.; Yedjou, C.G.; Patlolla, A.K.; Sutton, D.J. Heavy metal toxicity and the environment. Mol. Clin. Environ. Toxicol.

2012, 101, 133–164.
3. Jaishankar, M.; Tseten, T.; Anbalagan, N.; Mathew, B.B.; Beeregowda, K.N. Toxicity, mechanism and health effects of some heavy

metals. Interdiscip. Toxicol. 2014, 7, 60. [CrossRef] [PubMed]
4. Balali-Mood, M.; Naseri, K.; Tahergorabi, Z.; Khazdair, M.R.; Sadeghi, M. Toxic mechanisms of five heavy metals: Mercury, lead,

chromium, cadmium, and arsenic. Front. Pharmacol. 2021, 12, 643972. [CrossRef]
5. Agency for Toxic Substances and Disease Registry. National Priorities List from the Agency for Toxic Substances and Disease Reg-

istry (ATSDR). Available online: https://www.atsdr.cdc.gov/spl/resources/2015_atsdr_substance_priority_list.html (accessed
on 26 January 2023).

6. Benedict, R.T.; Alman, B.; Klotzbach, J.M.; Citra, M.; Diamond, G.L.; Herber, D.; Ingerman, L.; Nieman, S.; Tariq, S.; Zaccaria, K.
Toxicological Profile for Mercury: Draft for Public Comment: April 2022. Available online: https://stacks.cdc.gov/view/cdc/11
7563 (accessed on 26 January 2023).

7. Kromer, E.; Friedrich, G.; Wallner, P. Mercury and mercury compounds in surface air, soil gas, soils and rocks. J. Geochem. Explor.
1981, 15, 51–62. [CrossRef]

8. Boffetta, P.; Merler, E.; Vainio, H. Carcinogenicity of mercury and mercury compounds. Scand. J. Work. Environ. Health 1993, 19,
1–7. [CrossRef]

9. Vaidya, V.; Mehendale, H. Mercuric Chloride (HgCl2); Academic Press: Oxford, UK, 2014; pp. 203–206.
10. Hassett-Sipple, B.; Swartout, J.; Schoeny, R. Health Effects of Mercury and Mercury Compounds. In Mercury Study Report to

Congress; Environmental Protection Agency: Research Triangle Park, NC, USA, 1997; Volume 5.
11. Magos, L.; Clarkson, T.W. Overview of the clinical toxicity of mercury. Ann. Clin. Biochem. 2006, 43, 257–268. [CrossRef]
12. Hussain, S.; Rodgers, D.A.; Duhart, H.M.; Ali, S.F. Mercuric chloride-induced reactive oxygen species and its effect on antioxidant

enzymes in different regions of rat brain. J. Environ. Sci. Health Part B 1997, 32, 395–409. [CrossRef]
13. Pollard, K.; Hultman, P. Effects of mercury on the immune system. Met. Ions Biol. Syst. 1997, 34, 421–440.
14. Stacchiotti, A.; Borsani, E.; Rodella, L.; Rezzani, R.; Bianchi, R.; Lavazza, A. Dose-dependent mercuric chloride tubular injury in

rat kidney. Ultrastruct. Pathol. 2003, 27, 253–259. [CrossRef]
15. Stacchiotti, A.; Lavazza, A.; Rezzani, R.; Borsani, E.; Rodella, L.; Bianchi, R. Mercuric chloride-induced alterations in stress protein

distribution in rat kidney. Histol. Histopathol. 2004, 19, 1209–1218.
16. Bernhoft, R.A. Mercury toxicity and treatment: A review of the literature. J. Environ. Public Health 2012, 2012, 460508. [CrossRef]
17. Thukral, S.K.; Nordone, P.J.; Hu, R.; Sullivan, L.; Galambos, E.; Fitzpatrick, V.D.; Healy, L.; Bass, M.B.; Cosenza, M.E.; Afshari,

C.A. Prediction of nephrotoxicant action and identification of candidate toxicity-related biomarkers. Toxicol. Pathol. 2005, 33,
343–355. [CrossRef]

18. Trebucobich, M.S.; Hazelhoff, M.H.; Chevalier, A.A.; Passamonti, S.; Brandoni, A.; Torres, A.M. Protein expression of kidney
and liver bilitranslocase in rats exposed to mercuric chloride—A potential tissular biomarker of toxicity. Toxicol. Lett. 2014, 225,
305–310. [CrossRef]

19. Tokumoto, M.; Lee, J.Y.; Shimada, A.; Tohyama, C.; Satoh, M. Glutathione has a more important role than metallothionein-I/II
against inorganic mercury-induced acute renal toxicity. J. Toxicol. Sci. 2018, 43, 275–280. [CrossRef]

20. Caglayan, C.; Kandemir, F.M.; Yildirim, S.; Kucukler, S.; Eser, G. Rutin protects mercuric chloride-induced nephrotoxicity via
targeting of aquaporin 1 level, oxidative stress, apoptosis and inflammation in rats. J. Trace Elem. Med. Biol. 2019, 54, 69–78.
[CrossRef]

21. Rojas-Franco, P.; Franco-Colin, M.; Torres-Manzo, A.P.; Blas-Valdivia, V.; Thompson-Bonilla, M.D.R.; Kandir, S.; Cano-Europa, E.
Endoplasmic reticulum stress participates in the pathophysiology of mercury-caused acute kidney injury. Ren. Fail. 2019, 41,
1001–1010. [CrossRef]

22. Ippolito, D.L.; AbdulHameed, M.D.M.; Tawa, G.J.; Baer, C.E.; Permenter, M.G.; McDyre, B.C.; Dennis, W.E.; Boyle, M.H.; Hobbs,
C.A.; Streicker, M.A.; et al. Gene expression patterns associated with histopathology in toxic liver fibrosis. Toxicol. Sci. 2015, 149,
67–88. [CrossRef]

23. AbdulHameed, M.D.; Ippolito, D.L.; Stallings, J.D.; Wallqvist, A. Mining kidney toxicogenomic data by using gene co-expression
modules. BMC Genom. 2016, 17, 790. [CrossRef]

https://doi.org/10.1159/000083981
https://www.ncbi.nlm.nih.gov/pubmed/15722646
https://doi.org/10.2478/intox-2014-0009
https://www.ncbi.nlm.nih.gov/pubmed/26109881
https://doi.org/10.3389/fphar.2021.643972
https://www.atsdr.cdc.gov/spl/resources/2015_atsdr_substance_priority_list.html
https://stacks.cdc.gov/view/cdc/117563
https://stacks.cdc.gov/view/cdc/117563
https://doi.org/10.1016/0375-6742(81)90055-8
https://doi.org/10.5271/sjweh.1510
https://doi.org/10.1258/000456306777695654
https://doi.org/10.1080/03601239709373094
https://doi.org/10.1080/01913120309921
https://doi.org/10.1155/2012/460508
https://doi.org/10.1080/01926230590927230
https://doi.org/10.1016/j.toxlet.2013.11.022
https://doi.org/10.2131/jts.43.275
https://doi.org/10.1016/j.jtemb.2019.04.007
https://doi.org/10.1080/0886022X.2019.1686019
https://doi.org/10.1093/toxsci/kfv214
https://doi.org/10.1186/s12864-016-3143-y


Int. J. Mol. Sci. 2023, 24, 7434 19 of 21

24. McDyre, B.C.; AbdulHameed, M.D.M.; Permenter, M.G.; Dennis, W.E.; Baer, C.E.; Koontz, J.M.; Boyle, M.H.; Wallqvist, A.; Lewis,
J.A.; Ippolito, D.L. Comparative proteomic analysis of liver steatosis and fibrosis after oral hepatotoxicant administration in
Sprague-Dawley rats. Toxicol. Pathol. 2018, 46, 202–223. [CrossRef]

25. Te, J.A.; AbdulHameed, M.D.M.; Wallqvist, A. Systems toxicology of chemically induced liver and kidney injuries: Histopathology-
associated gene co-expression modules. J. Appl. Toxicol. 2016, 36, 1137–1149. [CrossRef] [PubMed]

26. Tawa, G.J.; AbdulHameed, M.D.M.; Yu, X.; Kumar, K.; Ippolito, D.L.; Lewis, J.A.; Stallings, J.D.; Wallqvist, A. Characterization of
chemically induced liver injuries using gene co-expression modules. PloS ONE 2014, 9, e107230. [CrossRef] [PubMed]

27. Schyman, P.; Printz, R.L.; Estes, S.K.; Boyd, K.L.; Shiota, M.; Wallqvist, A. Identification of the toxicity pathways associated with
thioacetamide-induced injuries in rat liver and kidney. Front. Pharmacol. 2018, 9, 1272. [CrossRef] [PubMed]

28. Schyman, P.; Printz, R.L.; Estes, S.K.; O’Brien, T.P.; Shiota, M.; Wallqvist, A. Assessing chemical-induced liver injury in vivo from
in vitro gene expression data in the rat: The case of thioacetamide toxicity. Front. Genet. 2019, 10, 1233. [CrossRef] [PubMed]

29. Schyman, P.; Printz, R.L.; Estes, S.K.; O’Brien, T.P.; Shiota, M.; Wallqvist, A. Concordance between thioacetamide-induced liver
injury in rat and human in vitro gene expression data. Int. J. Mol. Sci. 2020, 21, 4017. [CrossRef]

30. Schyman, P.; Printz, R.L.; Pannala, V.R.; AbdulHameed, M.D.M.; Estes, S.K.; Shiota, C.; Boyd, K.L.; Shiota, M.; Wallqvist, A.
Genomics and metabolomics of early-stage thioacetamide-induced liver injury: An interspecies study between guinea pig and
rat. Toxicol. Appl. Pharmacol. 2021, 430, 115713. [CrossRef]

31. Schyman, P.; Printz, R.L.; AbdulHameed, M.D.M.; Estes, S.K.; Shiota, C.; Shiota, M.; Wallqvist, A. A toxicogenomic approach to
assess kidney injury induced by mercuric chloride in rats. Toxicology 2020, 442, 152530. [CrossRef]

32. Pannala, V.R.; Estes, S.K.; Rahim, M.; Trenary, I.; O’Brien, T.P.; Shiota, C.; Printz, R.L.; Reifman, J.; Shiota, M.; Young, J.D.
Toxicant-induced metabolic alterations in lipid and amino acid pathways are predictive of acute liver toxicity in rats. Int. J. Mol.
Sci. 2020, 21, 8250. [CrossRef]

33. Schyman, P.; Xu, Z.; Desai, V.; Wallqvist, A. TOXPANEL: A gene-set analysis tool to assess liver and kidney injuries. Front.
Pharmacol. 2021, 12, 601511. [CrossRef]

34. Igarashi, Y.; Nakatsu, N.; Yamashita, T.; Ono, A.; Ohno, Y.; Urushidani, T.; Yamada, H. Open TG-GATEs: A large-scale
toxicogenomics database. Nucleic Acids Res. 2015, 43, D921–D927. [CrossRef]

35. Ganter, B.; Tugendreich, S.; Pearson, C.I.; Ayanoglu, E.; Baumhueter, S.; Bostian, K.A.; Brady, L.; Browne, L.J.; Calvin, J.T.; Day,
G.-J.; et al. Development of a large-scale chemogenomics database to improve drug candidate selection and to understand
mechanisms of chemical toxicity and action. J. Biotechnol. 2005, 119, 219–244. [CrossRef]

36. Nielsen, J.B.; Andersen, H.R.; Andersen, O.; Starklint, H. Mercuric chloride-induced kidney damage in mice: Time course and
effect of dose. J. Toxicol. Environ. Health 1991, 34, 469–483. [CrossRef]

37. Al-Madani, W.; Siddiqi, N.; Alhomida, A. Renal toxicity of mercuric chloride at different time intervals in rats. Biochem. Insights
2009, 2, BCI-S2928. [CrossRef]

38. Oliveira, V.A.; Favero, G.; Stacchiotti, A.; Giugno, L.; Buffoli, B.; de Oliveira, C.S.; Lavazza, A.; Albanese, M.; Rodella, L.F.; Pereira,
M.E.; et al. Acute mercury exposition of virgin, pregnant, and lactating rats: Histopathological kidney and liver evaluations.
Environ. Toxicol. 2017, 32, 1500–1512. [CrossRef]

39. Vaidya, V.S.; Ferguson, M.A.; Bonventre, J.V. Biomarkers of acute kidney injury. Annu. Rev. Pharmacol. Toxicol. 2008, 48, 463.
[CrossRef]

40. Ronco, C.; Bellomo, R.; Kellum, J.A. Acute kidney injury. Lancet 2019, 394, 1949–1964. [CrossRef]
41. Huang, D.W.; Sherman, B.T.; Tan, Q.; Collins, J.R.; Alvord, W.G.; Roayaei, J.; Stephens, R.; Baseler, M.W.; Lane, H.C.; Lempicki,

R.A. The DAVID Gene Functional Classification Tool: A novel biological module-centric algorithm to functionally analyze large
gene lists. Genome Biol. 2007, 8, 1–16. [CrossRef]

42. Price, P.M.; Safirstein, R.L.; Megyesi, J. The cell cycle and acute kidney injury. Kidney Int. 2009, 76, 604–613. [CrossRef]
43. Thomasova, D.; Anders, H.-J. Cell cycle control in the kidney. Nephrol. Dial. Transplant. 2015, 30, 1622–1630. [CrossRef]
44. Agarwal, A.; Dong, Z.; Harris, R.; Murray, P.; Parikh, S.M.; Rosner, M.H.; Kellum, J.A.; Ronco, C. Cellular and molecular

mechanisms of AKI. J. Am. Soc. Nephrol. 2016, 27, 1288–1299. [CrossRef]
45. Sharfuddin, A.A.; Molitoris, B.A. Pathophysiology of ischemic acute kidney injury. Nat. Rev. Nephrol. 2011, 7, 189–200. [CrossRef]

[PubMed]
46. Correa-Costa, M.; Azevedo, H.; Amano, M.T.; Gonçalves, G.M.; Hyane, M.I.; Cenedeze, M.A.; Renesto, P.G.; Pacheco-Silva, A.;

Moreira-Filho, C.A.; Câmara, N.O.S. Transcriptome analysis of renal ischemia/reperfusion injury and its modulation by ischemic
pre-conditioning or hemin treatment. PloS ONE 2012, 7, e49569. [CrossRef] [PubMed]

47. Pozzi, A.; Zent, R. Integrins in kidney disease. J. Am. Soc. Nephrol. 2013, 24, 1034–1039. [CrossRef] [PubMed]
48. Jiang, M.; Dong, Z. Regulation and pathological role of p53 in cisplatin nephrotoxicity. J. Pharmacol. Exp. Ther. 2008, 327, 300–307.

[CrossRef] [PubMed]
49. Zhang, D.; Liu, Y.; Wei, Q.; Huo, Y.; Liu, K.; Liu, F.; Dong, Z. Tubular p53 regulates multiple genes to mediate AKI. J. Am. Soc.

Nephrol. 2014, 25, 2278–2289. [CrossRef]
50. Scaduto, R., Jr.; Gattone, V., 2nd; Grotyohann, L.; Wertz, J.; Martin, L. Effect of an altered glutathione content on renal ischemic

injury. Am. J. Physiol. Ren. Physiol. 1988, 255, F911–F921. [CrossRef]
51. Ratliff, B.B.; Abdulmahdi, W.; Pawar, R.; Wolin, M.S. Oxidant mechanisms in renal injury and disease. Antioxid. Redox Signal.

2016, 25, 119–146. [CrossRef]

https://doi.org/10.1177/0192623317747549
https://doi.org/10.1002/jat.3278
https://www.ncbi.nlm.nih.gov/pubmed/26725466
https://doi.org/10.1371/journal.pone.0107230
https://www.ncbi.nlm.nih.gov/pubmed/25226513
https://doi.org/10.3389/fphar.2018.01272
https://www.ncbi.nlm.nih.gov/pubmed/30459623
https://doi.org/10.3389/fgene.2019.01233
https://www.ncbi.nlm.nih.gov/pubmed/31850077
https://doi.org/10.3390/ijms21114017
https://doi.org/10.1016/j.taap.2021.115713
https://doi.org/10.1016/j.tox.2020.152530
https://doi.org/10.3390/ijms21218250
https://doi.org/10.3389/fphar.2021.601511
https://doi.org/10.1093/nar/gku955
https://doi.org/10.1016/j.jbiotec.2005.03.022
https://doi.org/10.1080/15287399109531583
https://doi.org/10.4137/BCI.S2928
https://doi.org/10.1002/tox.22370
https://doi.org/10.1146/annurev.pharmtox.48.113006.094615
https://doi.org/10.1016/S0140-6736(19)32563-2
https://doi.org/10.1186/gb-2007-8-9-r183
https://doi.org/10.1038/ki.2009.224
https://doi.org/10.1093/ndt/gfu395
https://doi.org/10.1681/ASN.2015070740
https://doi.org/10.1038/nrneph.2011.16
https://www.ncbi.nlm.nih.gov/pubmed/21364518
https://doi.org/10.1371/journal.pone.0049569
https://www.ncbi.nlm.nih.gov/pubmed/23166714
https://doi.org/10.1681/ASN.2013010012
https://www.ncbi.nlm.nih.gov/pubmed/23641054
https://doi.org/10.1124/jpet.108.139162
https://www.ncbi.nlm.nih.gov/pubmed/18682572
https://doi.org/10.1681/ASN.2013080902
https://doi.org/10.1152/ajprenal.1988.255.5.F911
https://doi.org/10.1089/ars.2016.6665


Int. J. Mol. Sci. 2023, 24, 7434 20 of 21

52. Lin, Y.-H.; Yang-Yen, H.-F. The osteopontin-CD44 survival signal involves activation of the phosphatidylinositol 3-kinase/Akt
signaling pathway. J. Biol. Chem. 2001, 276, 46024–46030. [CrossRef]

53. Al-Lamki, R.S.; Mayadas, T.N. TNF receptors: Signaling pathways and contribution to renal dysfunction. Kidney Int. 2015, 87,
281–296. [CrossRef]

54. Li, N.; Chen, J.; Wang, P.; Fan, H.; Hou, S.; Gong, Y. Major signaling pathways and key mediators of macrophages in acute kidney
injury. Mol. Med. Rep. 2021, 23, 455. [CrossRef]

55. Ortega-Loubon, C.; Martínez-Paz, P.; García-Morán, E.; Tamayo-Velasco, Á.; López-Hernández, F.J.; Jorge-Monjas, P.; Tamayo, E.
Genetic susceptibility to acute kidney injury. J. Clin. Med. 2021, 10, 3039. [CrossRef]

56. Shi, Y.; Chen, G.; Teng, J. Network-based expression analyses and experimental verifications reveal the involvement of STUB1 in
acute kidney injury. Front. Mol. Biosci. 2021, 8, 655361. [CrossRef]

57. Zhang, L.; Cai, J.; Xiao, J.; Ye, Z. Identification of core genes and pathways between geriatric multimorbidity and renal insufficiency:
Potential therapeutic agents discovered using bioinformatics analysis. BMC Med. Genom. 2022, 15, 212. [CrossRef]

58. Agrawal, S.; Tripathi, G.; Khan, F.; Sharma, R.; Pandirikkal Baburaj, V. Relationship between GSTs gene polymorphism and
susceptibility to end stage renal disease among North Indians. Ren. Fail. 2007, 29, 947–953. [CrossRef]

59. Imig, J.D. Epoxide hydrolase and epoxygenase metabolites as therapeutic targets for renal diseases. Am. J. Physiol. Ren. Physiol.
2005, 289, F496–F503. [CrossRef]

60. Rouillard, A.D.; Gundersen, G.W.; Fernandez, N.F.; Wang, Z.; Monteiro, C.D.; McDermott, M.G.; Ma’ayan, A. The harmonizome:
A collection of processed datasets gathered to serve and mine knowledge about genes and proteins. Database 2016, 2016, baw100.
[CrossRef]

61. Shin, Y.J.; Kim, K.A.; Kim, E.S.; Kim, J.H.; Kim, H.S.; Ha, M.; Bae, O.N. Identification of aldo-keto reductase (AKR7A1) and
glutathione S-transferase pi (GSTP1) as novel renal damage biomarkers following exposure to mercury. Hum. Exp. Toxicol. 2018,
37, 1025–1036. [CrossRef]

62. Kojima, I.; Tanaka, T.; Inagi, R.; Nishi, H.; Aburatani, H.; Kato, H.; Miyata, T.; Fujita, T.; Nangaku, M. Metallothionein is
upregulated by hypoxia and stabilizes hypoxia-inducible factor in the kidney. Kidney Int. 2009, 75, 268–277. [CrossRef]

63. Özcelik, D.; Nazıroglu, M.; Tunçdemir, M.; Çelik, Ö.; Öztürk, M.; Flores-Arce, M. Zinc supplementation attenuates metallothionein
and oxidative stress changes in kidney of streptozotocin-induced diabetic rats. Biol. Trace Elem. Res. 2012, 150, 342–349. [CrossRef]

64. Leierer, J.; Rudnicki, M.; Braniff, S.-J.; Perco, P.; Koppelstaetter, C.; Mühlberger, I.; Eder, S.; Kerschbaum, J.; Schwarzer, C.; Schroll,
A. Metallothioneins and renal ageing. Nephrol. Dial. Transplant. 2016, 31, 1444–1452. [CrossRef]

65. Liu, J.; Kumar, S.; Dolzhenko, E.; Alvarado, G.F.; Guo, J.; Lu, C.; Chen, Y.; Li, M.; Dessing, M.C.; Parvez, R.K. Molecular
characterization of the transition from acute to chronic kidney injury following ischemia/reperfusion. JCI Insight 2017, 2, e94716.
[CrossRef] [PubMed]

66. Kim, J.Y.; Bai, Y.; Jayne, L.A.; Abdulkader, F.; Gandhi, M.; Perreau, T.; Parikh, S.V.; Gardner, D.S.; Davidson, A.J.; Sander, V. SOX9
promotes stress-responsive transcription of VGF nerve growth factor inducible gene in renal tubular epithelial cells. J. Biol. Chem.
2020, 295, 16328–16341. [CrossRef] [PubMed]

67. Viñas, J.L.; Porter, C.J.; Douvris, A.; Spence, M.; Gutsol, A.; Zimpelmann, J.A.; Tailor, K.; Campbell, P.A.; Burns, K.D. Sex diversity
in proximal tubule and endothelial gene expression in mice with ischemic acute kidney injury. Clin. Sci. 2020, 134, 1887–1909.
[CrossRef]

68. Feng, D.; Ngov, C.; Henley, N.; Boufaied, N.; Gerarduzzi, C. Characterization of matricellular protein expression signatures in
mechanistically diverse mouse models of kidney injury. Sci. Rep. 2019, 9, 16736. [CrossRef]

69. Rowland, J.; Akbarov, A.; Eales, J.; Xu, X.; Dormer, J.P.; Guo, H.; Denniff, M.; Jiang, X.; Ranjzad, P.; Nazgiewicz, A. Uncovering
genetic mechanisms of kidney aging through transcriptomics, genomics, and epigenomics. Kidney Int. 2019, 95, 624–635.
[CrossRef] [PubMed]

70. Elshemy, M.; Zahran, F.; Omran, M.; Nabil, A. DPPD ameliorates renal fibrosis induced by HgCl 2 in rats. Biosci. Res. 2018, 15,
2416–2425.

71. Ackermann, M.; Strimmer, K. A general modular framework for gene set enrichment analysis. BMC Bioinform. 2009, 10, 47.
[CrossRef]

72. Yu, C.; Woo, H.J.; Yu, X.; Oyama, T.; Wallqvist, A.; Reifman, J. A strategy for evaluating pathway analysis methods. BMC Bioinform.
2017, 18, 453. [CrossRef]

73. Zhao, M.; Ma, J.; Li, M.; Zhang, Y.; Jiang, B.; Zhao, X.; Huai, C.; Shen, L.; Zhang, N.; He, L. Cytochrome P450 enzymes and drug
metabolism in humans. Int. J. Mol. Sci. 2021, 22, 12808. [CrossRef]

74. Nolin, T.; Naud, J.; Leblond, F.; Pichette, V. Emerging evidence of the impact of kidney disease on drug metabolism and transport.
Clin. Pharmacol. Ther. 2008, 83, 898–903. [CrossRef]

75. Dreisbach, A.W. The influence of chronic renal failure on drug metabolism and transport. Clin. Pharmacol. Ther. 2009, 86, 553–556.
[CrossRef]

76. Shang, Y.; Siow, Y.L.; Isaak, C.K. Downregulation of glutathione biosynthesis contributes to oxidative stress and liver dysfunction
in acute kidney injury. Oxidative Med. Cell. Longev. 2016, 2016, 9707292. [CrossRef]

77. Lash, L.H. Role of glutathione transport processes in kidney function. Toxicol. Appl. Pharmacol. 2005, 204, 329–342. [CrossRef]
78. Muntané-Relat, J.; Ourlin, J.-C.; Domergue, J.; Maurel, P. Differential effects of cytokines on the inducible expression of CYP1A1,

CYP1A2, and CYP3A4 in human hepatocytes in primary culture. Hepatology 1995, 22, 1143–1153. [CrossRef]

https://doi.org/10.1074/jbc.M105132200
https://doi.org/10.1038/ki.2014.285
https://doi.org/10.3892/mmr.2021.12094
https://doi.org/10.3390/jcm10143039
https://doi.org/10.3389/fmolb.2021.655361
https://doi.org/10.1186/s12920-022-01370-1
https://doi.org/10.1080/08860220701641314
https://doi.org/10.1152/ajprenal.00350.2004
https://doi.org/10.1093/database/baw100
https://doi.org/10.1177/0960327117751234
https://doi.org/10.1038/ki.2008.488
https://doi.org/10.1007/s12011-012-9508-4
https://doi.org/10.1093/ndt/gfv451
https://doi.org/10.1172/jci.insight.94716
https://www.ncbi.nlm.nih.gov/pubmed/28931758
https://doi.org/10.1074/jbc.RA120.015110
https://www.ncbi.nlm.nih.gov/pubmed/32887795
https://doi.org/10.1042/CS20200168
https://doi.org/10.1038/s41598-019-52961-5
https://doi.org/10.1016/j.kint.2018.10.029
https://www.ncbi.nlm.nih.gov/pubmed/30784661
https://doi.org/10.1186/1471-2105-10-47
https://doi.org/10.1186/s12859-017-1866-7
https://doi.org/10.3390/ijms222312808
https://doi.org/10.1038/clpt.2008.59
https://doi.org/10.1038/clpt.2009.163
https://doi.org/10.1155/2016/9707292
https://doi.org/10.1016/j.taap.2004.10.004
https://doi.org/10.1002/hep.1840220420


Int. J. Mol. Sci. 2023, 24, 7434 21 of 21

79. Kirwan, C.; MacPhee, I.; Lee, T.; Holt, D.; Philips, B. Acute kidney injury reduces the hepatic metabolism of midazolam in
critically ill patients. Intensive Care Med. 2012, 38, 76–84. [CrossRef]

80. Dixon, J.; Lane, K.; MacPhee, I.; Philips, B. Xenobiotic metabolism: The effect of acute kidney injury on non-renal drug clearance
and hepatic drug metabolism. Int. J. Mol. Sci. 2014, 15, 2538–2553. [CrossRef]

81. Hoke, T.S.; Douglas, I.S.; Klein, C.L.; He, Z.; Fang, W.; Thurman, J.M.; Tao, Y.; Dursun, B.; Voelkel, N.F.; Edelstein, C.L. Acute renal
failure after bilateral nephrectomy is associated with cytokine-mediated pulmonary injury. J. Am. Soc. Nephrol. 2007, 18, 155–164.
[CrossRef]

82. Vaillant, A.A.J.; Qurie, A. Interleukin. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2021.
83. Zalups, R.K. Molecular interactions with mercury in the kidney. Pharmacol. Rev. 2000, 52, 113–144.
84. Basile, D.P.; Anderson, M.D.; Sutton, T.A. Pathophysiology of acute kidney injury. Compr. Physiol. 2012, 2, 1303–1353.
85. Miller, S.; Pallan, S.; Gangji, A.S.; Lukic, D.; Clase, C.M. Mercury-associated nephrotic syndrome: A case report and systematic

review of the literature. Am. J. Kidney Dis. 2013, 62, 135–138. [CrossRef]
86. Bachir, A.I.; Horwitz, A.R.; Nelson, W.J.; Bianchini, J.M. Actin-based adhesion modules mediate cell interactions with the

extracellular matrix and neighboring cells. Cold Spring Harb. Perspect. Biol. 2017, 9, a023234. [CrossRef] [PubMed]
87. Mehrotra, P.; Collett, J.A.; McKinney, S.D.; Stevens, J.; Ivancic, C.M.; Basile, D.P. IL-17 mediates neutrophil infiltration and renal

fibrosis following recovery from ischemia reperfusion: Compensatory role of natural killer cells in athymic rats. Am. J. Physiol.
Ren. Physiol. 2017, 312, F385–F397. [CrossRef] [PubMed]

88. Lin, P.; Pan, Y.; Chen, H.; Jiang, L.; Liao, Y. Key genes of renal tubular necrosis: A bioinformatics analysis. Transl. Androl. Urol.
2020, 9, 654. [CrossRef] [PubMed]

89. Kellum, J.A.; Romagnani, P.; Ashuntantang, G.; Ronco, C.; Zarbock, A.; Anders, H.-J. Acute kidney injury. Nat. Rev. Dis. Prim.
2021, 7, 52. [CrossRef]

90. Shiota, M. Measurement of glucose homeostasis in vivo: Combination of tracers and clamp techniques. In Animal Models in
Diabetes Research. Methods in Molecular Biology; Joost, H.G., Al-Hasani, H., Schürmann, A., Eds.; Humana Press: Totowa, NJ, USA,
2012; pp. 229–253.

91. Firsov, D.; Bonny, O. Circadian rhythms and the kidney. Nat. Rev. Nephrol. 2018, 14, 626–635. [CrossRef]
92. Taub, M. Primary kidney proximal tubule cells. Basic Cell Cult. Protoc. 2005, 290, 231–247.
93. Bray, N.L.; Pimentel, H.; Melsted, P.; Pachter, L. Near-optimal probabilistic RNA-seq quantification. Nat. Biotechnol. 2016, 34, 525.

[CrossRef]
94. Zerbino, D.R.; Achuthan, P.; Akanni, W.; Amode, M.R.; Barrell, D.; Bhai, J.; Billis, K.; Cummins, C.; Gall, A.; Girón, C.G.; et al.

Ensembl 2018. Nucleic Acids Res. 2018, 46, D754–D761. [CrossRef]
95. Zhang, C.; Zhang, B.; Lin, L.-L.; Zhao, S. Evaluation and comparison of computational tools for RNA-seq isoform quantification.

BMC Genom. 2017, 18, 583. [CrossRef]
96. Pimentel, H.; Bray, N.L.; Puente, S.; Melsted, P.; Pachter, L. Differential analysis of RNA-seq incorporating quantification

uncertainty. Nat. Methods 2017, 14, 687. [CrossRef]
97. Kanehisa, M.; Goto, S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00134-011-2360-8
https://doi.org/10.3390/ijms15022538
https://doi.org/10.1681/ASN.2006050494
https://doi.org/10.1053/j.ajkd.2013.02.372
https://doi.org/10.1101/cshperspect.a023234
https://www.ncbi.nlm.nih.gov/pubmed/28679638
https://doi.org/10.1152/ajprenal.00462.2016
https://www.ncbi.nlm.nih.gov/pubmed/27852609
https://doi.org/10.21037/tau.2019.11.24
https://www.ncbi.nlm.nih.gov/pubmed/32420172
https://doi.org/10.1038/s41572-021-00284-z
https://doi.org/10.1038/s41581-018-0048-9
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1093/nar/gkx1098
https://doi.org/10.1186/s12864-017-4002-1
https://doi.org/10.1038/nmeth.4324
https://doi.org/10.1093/nar/28.1.27

	Introduction 
	Results and Discussion 
	Dose Optimization of Mercuric Chloride in Guinea Pigs 
	Gene-Level Analysis 
	Kidney Injury Module Activation Analysis 
	Correlation between Guinea Pig and Rat Mercuric Chloride Exposures 
	KEGG Pathway Analysis 

	Materials and Methods 
	Experimental Design for In Vivo Studies 
	Animals 
	Preliminary Studies for Optimization of Dose and Time after Exposure 
	Studies for Measuring Changes in Gene Expression 

	Experimental Design for In Vitro Studies 
	Animals 
	Guinea Pig Renal Proximal Tubular Epithelial Cell Isolation and Culture 
	Preliminary Studies to Ascertain the Optimal Exposure of Toxicant 
	Exposure of Cells to Toxicant for RNA Isolation 

	RNA Sequencing 
	Analysis of RNA-seq Data 
	Injury Module Activation and Pathway Analysis 

	Conclusions 
	References

