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Abstract: With the widespread clinical use of drug combinations, the incidence of drug–drug in-
teractions (DDI) has significantly increased, accompanied by a variety of adverse reactions. Drug
transporters play an important role in the development of DDI by affecting the elimination process
of drugs in vivo, especially in the pathological state. Tubulointerstitial fibrosis (TIF) is an inevitable
pathway in the progression of chronic kidney disease (CKD) to end-stage renal disease. Here, the
dynamic expression changes of eleven drug transporters in TIF kidney have been systematically
investigated. Among them, the mRNA expressions of Oat1, Oat2, Oct1, Oct2, Oatp4C1 and Mate1
were down-regulated, while Oat3, Mrp2, Mrp4, Mdr1-α, Bcrp were up-regulated. Pearson correlation
analysis was used to analyze the correlation between transporters and Creatinine (Cr), OCT2 and
MATE1 showed a strong negative correlation with Cr. In contrast, Mdr1-α exhibited a strong posi-
tive correlation with Cr. In addition, the pharmacokinetics of cimetidine, ganciclovir, and digoxin,
which were the classical substrates for OCT2, MATE1 and P-glycoprotein (P-gp), respectively, have
been studied. These results reveal that changes in serum creatinine can indicate changes in drug
transporters in the kidney, and thus affect the pharmacokinetics of its substrates, providing useful
information for clinical use.

Keywords: drug transporters; pharmacokinetics; OCT2; MATE1; P-gp

1. Introduction

Drug combination is a joint therapeutic scheme for the treatment of clinical diseases.
However, the incidence of drug–drug interactions (DDIs) is remarkably increasing, resulting
in a variety of adverse reactions, even threatening human life [1]. Drug transporters
are one of the main targets for DDIs. Kidney tissue, the main excretory organ in the
body, shows the distribution of drug transporters. Many drugs (including organic anion
drugs, organic cationic drugs, and peptide drugs) are mediated by drug transporters
concentrated in proximal renal tubules during renal excretion [2]. Once the expression
of drug transporters changes, it binds to affect the pharmacokinetics of drugs. Therefore,
the Food and Drug Administration and National Medical Products Administration of
China have pointed out that eleven drug transporters in the kidneys, including organic
anion transporter 1 (OAT1), organic anion transporter 1 (OAT3), organic anion transporter
polypeptide 4C1 (OATP4C1), organic cation transporter (OCT2), P-glycoprotein (P-gp),
breast cancer resistance protein (BCRP), multi-drug and toxin extrusion protein 1 (MATE1),
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multi-drug and toxin extrusion protein 2-K (MATE2-K), organic anion transporter 4 (OAT4),
multidrug resistance-associated protein 2 (MRP2) and multidrug resistance-associated
protein 4 (MRP4), need to be researched for drug applications [3,4].

CKD is widespread in the world, affecting nearly 13% of the population, and CKD
has become a global public health problem [5]. According to the online data of the Centers
for Disease Control and Prevention, the number of CKD deaths increased by about 12%
from 2011 to 2018, ranking ninth in the top ten fatal diseases [6]. Tubulointerstitial fibrosis
(TIF) is a common pathological change in CKD progression to end-stage renal disease [7,8].
With kidney damage, CKD is often accompanied by hypertension, cardiovascular dis-
ease, diabetes, and other complications. Therefore, combination therapy is a frequent
method for patients with CKD [9,10]. In the clinic, the drug administration in patients
with CKD is very cautious. Creatinine (Cr) is an endogenous substance that was filtered
out through the glomerular [11]. Creatinine clearance (Ccr) is commonly used to evaluate
renal function [12,13]. When the drug is eliminated, primarily by glomerular filtration,
the clinical administration schedule could be adjusted according to the patient’s Cr/Ccr
under pathological conditions. However, there have been no clear reports on the changes in
drug transporters excreted by drug transporters in vivo, the changes in drug transporters
expression in TIF, and the relationship between Cr/Ccr and drug transporters. Glomerular
filtration rate (GFR) and proteinuria are still widely used diagnostic indicators, but these
two indicators occur late in the disease. Therefore, it is urgently needed to explore the
relationship between new indicators and transporters.

Therefore, this study focuses on the relationship between kidney transporters and
Cr/Ccr in unilateral urethral obstruction animal model, to provide useful data for the use
of clinical drugs and drug combination.

2. Results
2.1. The Renal Parameters in TIF Rats

To observe the dynamics of kidney tissue in TIF rats, the orbital blood and kidneys
were harvested on the 4th, 7th, 10th, and 14th days after modeling in the model group.
The renal structure was illustrated in Figure 1A. With the increase in modeling time, the
right kidney of rats showed an obvious swelling, translucent epidermis, light color, cystic,
containing brown turbid liquid. With the increase in modeling time, compared with
the control group, the wet weight of the right kidney in the model group increased by
approximately 1.51–3.05-fold, and reached the maximum value on the 14th day (Figure 1B).
With the increase in modeling time, the coefficient of right kidney of rats increased by about
1.017–2.507-fold compared with that of the left kidney (Figure 1C). The measurement of
Cr in serum revealed that Cr concentration increased 1.24–1.58 times with the increase
in modeling time (Figure 1D). On the contrary, with the increase in modeling time, Ccr
decreased to 39.8–70.7% (Figure 1E).
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Figure 1. The renal parameters for TIF model. (A)The right kidney of TIF group compared with
that of the control group on 4th, 7th, 10th, and 14th days. C: Control; D4: Day 4 of TIF model; D7:
Day 7 of TIF model; D10: Day 10 of TIF model; D14: Day 14 of TIF model. (B) In the anatomical
model group on different days, the ligation kidney of rats was weighed, and the weight obtained was
compared with that of the control group. (C) Renal index was calculated as the ratio of the weight of
the left kidney and the ligation kidney to body weight. Data were expressed as mean ± SD. L: left
kidney, R: ligated kidney. (D) Changes in Cr in serum concentration of rats at different modeling
time, compared with the control group. (E) Changes in Ccr in serum concentration of rats at different
modeling times, compared with the control group. **** p < 0.0001 *** p < 0.001, ** p < 0.01, * p < 0.05,
ns p > 0.05.

2.2. Histopathological Findings

The H&E staining and Masson staining were employed to examine the pathological
morphology of the tissues as well as fibrocyte collagen precipitation, respectively, as shown
in Figure 2A. The H&E results showed that the kidneys in TIF rats exhibited glomerular
fibrosis with cystic changes, glomerular enlargement with massive inflammatory cell
infiltration, and widening of the renal interstitial space, with the increase in modeling
time. They were then scored for pathological damage (Figure 2A), which showed that
both kidney injuries increased as modeling time increased. Masson’s results indicated that
renal tubular dilatation, widening of the renal interstitial space, and an obvious increase
in collagen fibers in the renal interstitium were seen in the obstructed side kidneys of the
model group compared with the control group (Figure 2B). As the modeling time increased,
the fibrosis area increased by 12%, 19%, 35%, and 38% (Figure 2B).
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Figure 2. Histopathological results. Sections of the right kidney of on rats at 4th, 7th, 10th, and 14th
days were taken to H&E staining (A). Scale: 600 µm (200×). Histopathological changes in kidney
sections were scored as a semi-quantitative percentage of damaged area: 0, normal; 1, cortical area
<25%; 2, cortical area 25–50%; 3, the cortical area is 50–75%; 4, cortical area >75%, compared with
control group. (B) Sections of the right kidney of on rats at 4th, 7th, 10th and 14th days were taken
for Masson staining. Fibrosis area was quantified by Image J Pro Plus 6.0 compared with the control
group. **** p < 0.0001 *** p < 0.001, ** p < 0.01.

2.3. The Variation of mRNA Expression in the TIF Rats

The mRNA expression of 11 drug transporters (Oat1, Oat2, Oat3, Oct1, Oct2, Oatp4C1,
Mate1, Mrp2, Mrp4, Mdr1-α and Bcrp) in TIF kidney was determined by RT-qPCR. As
showed in Figure 3, Oat1, Oat2, Oct1, Oct2, Oatp4C1 and Mate1 mRNA expressions were
downregulated, while Oat3, Mrp2, Mrp4, Mdr1-α and Bcrp expressions were upregulated.
Among them, Oat1 (39.6–76%) and Oat2 (28–46%) indicated a gradual decrease, first with
the increase in modeling time, and then a slight callback on the 14th day, where Oat3
(1639–5985%) and Mrp2 (75.32–408%) showed a significant increase and then a slow trend,
while the mRNA expression of Oct2 (9–18%) and Mate1 (30.1–92.3%) was significantly
reduced. The mRNA expression of Oatp4C1 significantly increased on the 4th day and
began to decline on the 7th day, and there were no significant differences between Oatp4C1
and the control group on the 10th and 14th days. Mrp4 increased sharply in model groups.
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Figure 3. The variation in mRNA expression of drug transporter in TIF kidney. Samples were
detected on 4th, 7th, 10th and 14th days. C: Control; D4: Day 4 of TIF model; D7: Day 7 of TIF model;
D10: Day 10 of TIF model; D14: Day 14 of TIF model. *** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05.

2.4. The Correlation of Renal Transporters and Cr/Ccr in the Pathological State of Renal Fibers

Pearson correlation analysis was utilized to explore the relationship between renal
transporter variation and Cr/Ccr under pathological conditions. The analysis result ex-
plained that Oct2 and Mate1 were highly negatively correlated with Cr (Pearson coefficient r
>0.6, p ≤ 0.05), Among them, Oct2 (r = 0.624, p = 0.000061), Mate1 (r = 0.636, p = 0.0005), Oat2
(r = 0.414, p = 0.013) were moderately related, and the rest were all less than 0.3. Mdr1-α
was positively correlated with correlation coefficients lower than 0.5 (Figure 4A), such as
Bcrp (r = 0.49, p = 0.012), which showed a medium relationship, but all others were less than
0.3 without a significant difference. The correlation between Ccr and transporters further
confirmed these results. Oct2 (r = 0.601, p = 0.0011) Mate1 (r = 0.434, p = 0.0266), Mdr1-α
(r = 0.440, p = 0.0244) (Figure 4B). In brief, the above results showed that renal transporters
were related to Cr and Ccr, and Oct2, Mate1 and Mdr1-α were strongly correlated.
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Figure 4. (A) Real-time q-PCR analysis showed that the mRNA content of these transporters was
2−∆∆Ct relative to the mRNA β-actin expression, and Pearson correlation was used to analyze the
dynamic changes between the main kidney transporters and Cr. A correlation analysis of the relative
size of 2−∆∆Ct between the changed transporter and β-actin and Ccr was conducted. (B) The mRNA
expression of transporter was detected on the 4th, 7th, 10th, and 14th days, and then the correlation
between the expression value of transporter and the Ccr rate was analyzed.
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2.5. The Correlation of Renal Transporters, Cr and Renal Fibers in the Pathological State of
Renal Fibers

Further, we conducted a correlation analysis of the dynamic change in Cr and the
degree of fibrosis, and the results exhibited that the degree of fibrosis was significantly
positively correlated with the dynamic change of Cr (r = 0.736, p ≤ 0.05) (Figure 5A). We
also detected a relationship between transporters and the degree of renal fibrosis. This
showed that Oct2 (r = 0.751, p = 0.0001), Mate1 (r = 0.744, p = 0.0002), Mdr1-α (r = 0.597,
p = 0.0055) were highly correlated with fibrosis, which were consistent with that of Cr/Ccr
(Figure 5B).

Figure 5. (A) The expression of 11 transporters in different groups was correlated with the results of
Masson staining. (r > 0.6, strong correlation, 0.4 < r < 0.6, strong correlation, 0.2 < r, weak correlation)
(B) Correlation between renal fibrosis and dynamic changes in Cr.
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2.6. PK of Renal OCT2, MATE1, P-gp Substrates in the TIF Rats

Oct2, Mate1 and Mdr1-α regulate the expression of OCT2, MATE1 and P-gp proteins
in vivo. To determine the influence of changes in transporters on pharmacokinetic pa-
rameters under pathological conditions, three typical substrates for OCT2, MATE1 and
P-gp were selected for pharmacokinetic studies. A methodological verification of the three
drugs was conducted (Table 1, Table S1, Figure 6A–C) and the detection method met the
methodological requirements.

Table 1. Pharmacokinetic parameters of cimetidine, ganciclovir and digoxin.

Parameter
Cimetidine (n = 5) Ganciclovir (n = 5) Digoxin (n = 5)

Control TIF Control TIF Control TIF

AUC(0-t)
mg/L·(min) 211,825.3 ± 25013.8 306,809.9 ± 61,720.3 * 3433.4 ± 665.0 3045.4 ± 583.9 1727.6 ± 775.3 417.5 ± 188.3 **

AUC(0-∞)
(mg/L·min) 215,600.9 ± 25,087.0 311,528.9 ± 59,201.0 * 3825.1 ± 669.6 3372.2 ± 687.3 2384.1 ± 1308.1 497.7 ± 183.2 *

Tmax (min) 33.0 ± 6.7 33.0 ± 6.7 1.0 ± 0.1 0.8 ± 0.3 5.2 ± 3.9 2.8 ± 2.4
Cmax (mg/L) 1133.1 ± 173.5 1982.1 ± 608.0 * 631.7 ± 196.2 1005.9 ± 297.1 * 99.0 ± 34.3 51.9 ± 29.3 *
Clr (mg/L·h) 0.05 ± 0.01 0.04 ± 0.01 ** 0.012 ± 0.02 0.014 ± 0.003 0.003 ± 0.002 0.011 ± 0.005 **

TIF: The group of Model. Data are presented as mean ± S.E.M. Significance levels were evaluated using Student’s
t-test or one-way ANOVA combined with Turkey’s multiple comparison test; ** p < 0.01, * p < 0.05.

Figure 6. PK changes of renal OCT2, MATE1, P-gp substrates in the TIF model. (A)/(a) blank plasma
+ ebesartan (A)/(b) Blank plasma + Ganciclovir standard + internal standard (A)/(c), plasma sample
(B)/(a) blank plasma + ebesartan (B)/(b) Blank plasma + Digoxin standard + internal standard (B)/(c),
plasma sample (C)/(a) blank plasma + ebesartan (C)/(b) Blank plasma + Cimetidine standard +
internal standard (C)/(c), plasma sample (D) the drug-concentration time curve of ganciclovir. (E) the
drug concentration-time curve of Digoxin. (F) the drug-concentration time curve of cimetidine.

The results exhibited that the AUC of cimetidine (substrate of OCT2) in the model
group increased 1.49 times compared with the control group (Figure 6D). The value of
renal clearance (Clr) in the model group decreased by 20.5%, which may be linked to the
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decreased expression of OCT2 protein in the kidney. Digoxin was a typical substrate of
P-gp. Its AUC value reduced by 3.138-fold, while Clr value increased by 2.6-fold, which
might be related to the increased expression of P-gp in TIF rats. Ganciclovir is a substrate
of MATE1. The AUC of ganciclovir decreased by 11.3%, while Clr did not significantly
change. The pharmacokinetics parameters did not significantly change when ganciclovir
was combined with some MATE1 inhibitors or substrates, which may be related to other
excretory pathways in vivo.

3. Discussion

The extensive literature suggests that the expression of kidney transporters in a patho-
logical state will change, for example, under the rat liver ischemia–reperfusion model [14].
This will lead to the up-regulation of MRP and the down-regulation of OCT2, while, for
hyperuricemia rats, in acute kidney injury, P-gp, MRP2 and other transporters will be sig-
nificantly upregulated [15,16]. These changes may be due to the activation or induction of
some upstream nuclear receptors under pathological conditions, such as PPAR-α and other
nuclear receptors and transcription factors, thereby regulating the expression of down-
stream transporters [17,18], LXR and FXR are associated with Abcg1 gene and Abc-related
protein expression, and its expression can cause changes in downstream transporters. PXR
is associated with Slc-related protein expression and Abc-related protein expression, just
like Mdr-1α and Slc16a1 [19,20].

Therefore, changes in the body or under certain inflammatory or pathological condi-
tions may cause changes in the expression of some nuclear receptors in the pathway, thus
leading to changes in the expression of other transporters [21]. In addition to the nuclear
receptors referred to above, some inflammatory factors can also directly affect the expres-
sion of transporters. For example, TNF-α can inhibit the transcription of the tubule bile
acid transporter Abcb11, bilirubin outlet Abcc2, and sterol transporter Abcg5/8 in intestinal
inflammation, cholestasis, or the activation of hepatic macrophages, and thus affect the
expression of transporters [22]. Therefore, the present study constructed a classical renal
interstitial fibrosis model to explore the changes in renal transporter expression in rats
under the TIF model.

Since Cr and Ccr are commonly used indicators to evaluate renal function, this ex-
periment wanted to explore the change rule of Cr and Ccr and the expression of various
transporters under the renal interstitial fibrosis model, and whether the expression changes
in major transporters in kidney could be inferred through the detection of Cr and Ccr.
Therefore, in this paper, the dynamic changes in transport proteins under the TIF model
were related to Cr and Ccr by correlation analysis, and transport proteins were found
that were highly correlated with Ccr. Transporter inhibitors are compounds that compet-
itively bind or inhibit transporter activity [23,24]. Therefore, in the case of multi-disease
combination, there will be interactions between drugs, such as P-gp [25,26], which has
a variety of inducers in vivo, including antibacterial drug rifampicin, anti-tumor drug
vincristine, doxorubicin, cardiovascular drug verapamil [27], hyperlipidemia drug ator-
vastatin [28], etc., which can induce the overexpression of P-gp in vivo. As a result, the
pharmacokinetics parameters of drugs such as digoxin in vivo are significantly changed,
while digoxin has a narrow treatment window, and the blood concentration of digoxin will
be greatly reduced in a multi-drug combination, so that digoxin cannot play a therapeutic
role. In many studies, the combination of naproxen and other agents with a typical OCT2
substrate (cimetidine) increased the plasma concentration of cimetidine, thereby separately
increasing the toxicity of cimetidine [29]. Ganciclovir [30], its pharmacokinetic behavior
in some studies [31,32], and part of its MATE1 inhibitors or substrate share, showed no
significant change in pharmacokinetics parameters, which may be related to other excretory
pathways in the body [33]. In addition, this paper also examines the ligation of the bilateral
renal compensatory, where the transporter will affect the elimination of the substrate, and
the results showed that the left kidney transporter expression showed no obvious change.
We also considered the effect of absorption of drug excretion, in view of the selected sev-
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eral drugs in the clinic, which are mainly for oral use, and choosing the means of lavage
for pharmacokinetics validation. In addition, the specific transporters OCT2, Mate1 and
MDR1-α showed a high correlation with renal fibrosis. Therefore, we can deduce the renal
fibrosis process from indicators such as blood creatinine/creatinine clearance. Further
research will continue to focus on this aspect and deeply explore the mechanism of renal
transporter expression changes under pathological conditions.

The study has several advantages and limitations. The advantages include the sim-
plicity pf Cr in serum and Ccr, which can introduce a change in the transporter, as well
as the transporter excretion of drug medication guides, without the need for a kidney
biopsy. The first limitation is the change in renal fiber and Ccr constant transporter. It
is unknown whether his drugs change, as their pharmacokinetics parameters were not
studied. Second, the study used TIF rats in the 14th-day group, without considering the
changes in pharmacokinetics parameters in other groups. In this study, only rats were used
for transport experience, so this was not verified in clinical patients. Therefore, the results of
this study may not be applicable to the whole population. As the next step, we will continue
to supplement pharmacokinetics experiments to study whether the pharmacokinetics of
substrates of several other transporters with a low correlation with Ccr will change, and
verify this using in vitro experiments.

4. Materials and Methods
4.1. Chemicals and Regents

Chloral hydrate (≥99% in purity) was provided by Guangzhou Youbang Biotechnol-
ogy Co., Ltd. (Guangzhou, China). Cimetidine (≥99% in purity) and irbesartan (internal
standard, >98% in purity) ware purchased from Shenzhen upno Biomedical Technology Co.,
Ltd. (Shenzhen, China). The kit for analysis of blood urea nitrogen (BUN) and Cr was pur-
chased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The animal total
RNA isolation kit was provided by Foregene Co., Ltd. (Chengdu, China). All other chemical
reagents were of chromatographic or analytical grade and were commercially available.

4.2. Animals

Healthy male Sprague-Dawley rats (SD rats, aged 7–8 weeks, weight 180–220 g,
certification: SCXK-Yue-2016-0041) in specific pathogen-free grade were available from
the Experimental Animal Center of Southern Medical University (Guangzhou, China). All
experiments followed the National Institutes of Health Guidelines for the Care and Use
of Laboratory Animals. All animals were housed in an air-conditioned room with the
temperature at 23 ± 2 ◦C and a relative humidity of 40 ± 5%, under an alternating 12 h
dark/light cycle. Animals had free access to food and water throughout the experiment.

4.3. Animal Experiment

Thirty SD rats were randomly divided into five groups (n = 6): control and TIF model
groups analyzed on the 4th, 7th, 10th and 14th days. The rats in the model group were
intraperitoneally anesthetized with 10% chloral hydrate at a dose of 0.3 mL/100 g [34].
Surgery was carried out as previously described. In the model group, the right ureter was
exposed and ligated at two points with a 5–0 sterile suture along the lower pole of the
right kidney. Then, the ureter was cut to prevent retrograde infection [35]. Two hours later,
they were intraperitoneally injected with penicillin (1.6 million units dissolved in 8 mL
of normal saline) for two consecutive days. Each rat was subcutaneously injected with
0.30 mL. On the 4th, 7th, 10th and 14th days after operation, blood was taken from the
orbit of TIF rats. Urine was taken from the TIF rats placed in the metabolic cage for 24h.
Heart, liver, spleen, lung, kidney, intestine and other tissues were dissected. The kidney
tissues were weighed and the ratio of kidney weight to body weight was estimated. The
right kidney was longitudinally reduced and fixed with paraformaldehyde. The rest was
used only for a real-time quantitative polymerase chain reaction (RT-qPCR).
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4.4. Histology Analysis

The kidney tissue was longitudinally cut, rinsed several times with cold PBS, and
fixed overnight with 4% paraformaldehyde. Then, five pieces were cut out after paraffin
embedding of the µM section. The renal tissue was stained with H & E at low power
(10 × 10) The observation site was determined under a high-power microscope (10 × 20
and 10 × 40) and the target field of vision was selected to take 1–2 pictures. In H & E
staining, the degree of renal injury was determined according to the size of glomeruli and
the changes in renal tubules [36].

Masson staining: Image Pro Plus 6.0 software was used for quantitative analysis.
The degree of renal interstitial fibrosis was evaluated based on the amount of collagen
deposition (the percentage of the blue area in the whole cortex). Five different cortical
fields were randomly selected from each slice (magnification 200 times). The area of fibrotic
lesions was expressed as the percentage of fibrotic area in the whole cortex [37,38].

4.5. Detection of mRNA Expression: RT-qPCR

A total of 10-20 mg renal tissue samples were collected into the homogenization tube.
Total RNA was extracted according to the protocol of animal tissue total RNA Extraction
Kit (Foregene, Chengdu, China). A total of 1000 ng of total RNA was reverse-transcribed
into cDNA using Evo m-mlv reverse transcription reagent (Accurate, Shenzhen, China).
All subsequent RT-qPCR reactions were performed using 2 × Accurattaq Master Mix
(Accurate, China), primer (designed and synthesized by Guangzhou Branch of Beijing
Qingke Biotechnology Co., Ltd., Guangzhou, China, Table S2), ddH2O without ribonu-
clease, reaction volume 20 µL. The PCR was conducted on a rapid real-time PCR system
(7500, Thermo Fisher Science, Waltham, MA, USA). At 50 ◦C The results were analysed
under the conditions of C reaction for 3 min, 95 ◦C reaction for 3 min, 95 ◦C reaction for
10 s, and 60 ◦C reaction for 30 sec. The threshold period (CT) was recorded with 7500 fast
system software version 2.3, and the multiple changes in mRNA expression were calculated
according to the comparative CT method.

4.6. Pharmacokinetic Analysis

Thirty rats were split into six groups (n = 5). The rat model of TIF was established
by unilateral ureteral obstruction surgical operation under sterile conditions according to
previous research. On the 14th day after establishment of the model group, cimetidine
(18 mg/kg), ganciclovir (45 mg/kg), and digoxin (5 mg/kg) were given orally in each
group, respectively [39]. Blood samples were collected from the retroorbital sinus at the
0 min, 5 min, 15 min, 30 min, 45 min, 90 min, 120 min, 240 min, 360 min, 480 min, 720 min
and 1440 min timepoints, and centrifuged immediately after collection (5000 rpm, 8 min),
The obtained plasma was stored at −80 ◦C before any pharmacokinetics analysis. The
plasma concentration of cimetidine in SD rats was established by high-performance liquid
chromatography tandem mass spectrometry (UPLC-MS/MS).

4.7. Detection Method

For HPLC, System: Waters Acquity UPLC H-Class (UFLC Nexera, SHIMADZU, Kyoto,
Japan); Chromatographic column: X Bridge C18 column (2.5 µm, 2.1 mm × 75 mm); column
temperature: 30 ◦C; sample chamber temperature: 4 ◦C; injection volume 1 µL was used
for accomplishing the chromatographic separation with mobile phase consisting of A: 0.1%
formic acid water B: methanol.

In a positive ion mode, an API 4000 triple quadrupole tandem mass spectrometer
(SCIEX, Framingham, MA, USA) with an ESI (AB SCIEX, Framingham, MA, USA) source
was used, and the acquisition and analysis of data were carried out with Analyst 1.6.2
software (Applied Biosystems, Foster City, CA, USA). Multiple reaction monitoring (MRM)
parameters for the ganciclovir, cimetidine, digoxin and ebesartan (internal standard, IS)
were optimized and are summarized in Table S3. The other ionization parameters were
as follows: curtain gas, 20 psi; collision gas, 6 psi; ion source gas 1, 50 psi; ion source gas
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2, 50 psi, respectively, with a temperature of 500 ◦C and an ion spray needle voltage of
5500 V The bioanalytical method validation guidance for industry released by the FDA
in 2018 was used to validate the analytical approach used in this study. The selectivity,
specificity, accuracy, matrix effects, stability, served as key metrics to affirm the validity of
this method [40].

4.8. Statistical Analyses

The experimental data were analyzed by Graphpad prism software (San Diego, CA,
USA), and the mean value was calculated ± standard deviation (SD). The differences
between groups (p < 0.05 and p < 0.01) were analyzed by SPSS 20.0. Dunnett multiple
comparison test or LSD test were used for multiple comparison, p < 0.05 was regarded as
statistically significant. The results of LC-MS/MS were analyzed by Das 2.0 software. Ccr
was calculated with the following formula.

Ccr =
Urinary creatinine × Urine volume mL

Serum creatinine
(mg

mL
)
× Time(h)

(1)

5. Conclusions

In conclusion, this experiment explored the relationship between major kidney trans-
porters and creatinine, creatinine clearance, and renal fibrosis area. The development of
modeling time in the TIF pathological model of rats was studied to infer the relationship
between creatinine, creatinine clearance and kidney transporters. The results showed
that OCT2 and MATE1 were negatively correlated with creatinine and fibrosis area, and
positively correlated with creatinine clearance, while P-gp showed the opposite results.
Therefore, we think that Cr/Ccr can be used to infer the transporter expression and renal
fibrosis process. Using typical substrates for pharmacokinetic studies, the research results
show that, with OCT2 lower expression, substrate cimetidine pharmacokinetic parameters
show obvious changes in the body, with a notable rise in AUC and Cmax, while Clr was
significantly down-regulated, suggesting that cimetidine excretion was significantly slowed
in the TIF model. MATE1 and P-gp substrates showed the opposite results. Therefore, we
believe that Cr/Ccr can be used as an indicator of OCT2, MATE1 and P-gp transporter ex-
pression, and its changes are significantly correlated with OCT2, MATE1 and P-gp changes,
providing data and references for clinical renal disease patients in clinical medication.

Supplementary Materials: Table S1: Methodology of Ganciclovir, Cimetidine and Digoxin, Table S2:
The primer sequences of target genes and β-actin, Table S3: Optimized MRM parameters for analytes
and IS.
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