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We investigated the pharmacokinetics of alogliptin (AG) at the cell and tissue level in healthy
Wistar rats and a type 2 diabetic Goto-Kakizaki (GK) rat model. Immunohistochemistry of the
renal tissue in these rats, post 1 hr of AG administration, showed that the signal was
observed in the glomeruli, proximal tubule S3 segments, distal tubules, collecting ducts, and
only in the brush border of the epithelial cells of the proximal tubule S1, S2 segments. After
6 hr of AG administration, the staining intensity of the regions other than the S3 segments
was considerably reduced in Wistar rats, with no change observed in GK rats. At 24 hr, the
staining intensity was considerably reduced, even in GK rats; however, the staining of the S3
segment remained unaltered in both. Hepatocytes in zone 1l of the hepatic lobule were more
intensely stained than those in zone | in Wistar rats at 1 hr. However, almost no staining was
observed in the hepatocytes of GK rats at 1 hr. Complete loss of signal was observed in the
hepatocytes of the Wistar rats after 6 hr. This study revealed that the pharmacokinetics of

AG in GK rats are different from those in Wistar rats.
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I. Introduction

The number of diabetes patients worldwide has nearly
tripled over the last 20 years and was estimated to be 436
million in 2019 [13]. Furthermore, an exponential rise is
predicted in the number of diabetes patients, reaching 578
million by 2030, and 700 million by 2045 [13]. The preva-
lence of type 2 diabetes mellitus is high, accounting to 90—
95% of the reported cases [25].

Therapeutic agents for type 2 diabetes include
biguanides, thiazolidinediones, sulfonylureas, dipeptidyl
peptidase-4 (DPP-4) inhibitors, a-glucosidase inhibitors,
and sodium-glucose cotransporter 2 inhibitors. In Japan,
DPP-4 inhibitors, such as alogliptin (AG), are used as first-
line drugs in more than 65% of patients [3]. Compared to
conventional drugs, DPP-4 inhibitors are considered to
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have a reduced risk of side effects, such as hypoglycemia
and weight gain. Even so, understanding the detailed phar-
macokinetics of these drugs will improve our understand-
ing of the mechanisms underlying the function and the side
effects, thereby aiding in the development of safer and
more effective therapeutic use of drugs.

In vivo pharmacokinetics is an important parameter
that affects the efficacy and side effects of drugs and is
also related to their appropriate usage. However, pharmaco-
kinetics mainly focuses on changes in plasma drug concen-
tration, and little is known about the pharmacokinetics of
drugs in cells and tissues, where many drugs act. Methods
such as autoradiography and mass spectrometry imaging
can be employed to analyze drug localization in cells and
tissues. However, they cannot be performed easily because
of the use of radioisotopes or the need for expensive equip-
ment. As an alternative, we developed an “immunohisto-
chemical detection method for drugs” and analyzed the
localization of various drugs [9, 22, 28]. This method has
advantages over autoradiography and mass spectrometry
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imaging as it facilitates safer, simpler, economical, and a
more direct and precise evaluation of a drug localized in
cells and tissues without the use of radioisotopes, radiation-
controlled area, or expensive equipment.

We have previously reported on the preparation and
characterization of a specific monoclonal antibody (mAb)
against AG and the development of immunohistochemistry
for its localization [26], and the pharmacokinetics of AG in
the kidney and liver, which are the main organs involved in
drug metabolism and excretion, in Wistar rats [27]. How-
ever, pharmacokinetics in diabetes patients may differ from
those in the healthy population. Therefore, in this study,
we aimed to compare the pharmacokinetics of AG in the
kidney and liver of type 2 diabetic model and healthy rats.

II. Materials and Methods

Antibody

Anti-AG mAb (AAG-78) was obtained as described
previously [26]. This mAb has high specificity for AG but
does not react with other drugs, such as sitagliptin, van-
comycin, and amoxicillin [26].

Animals

Normal male Wistar rats (45 weeks old; CLEA
Japan, Inc., Tokyo, Japan) weighing 180-200 g and dia-
betic male Goto-Kakizaki (GK) rats (4—5 weeks old; CLEA
Japan, Inc., Tokyo, Japan) weighing 160—180 g were used.
The GK rat, a model of type 2 diabetes mellitus, is charac-
terized by insulin resistance and an insulin secretory defect.
At the gestational age of 16.5 days, these rats exhibit a loss
of pancreatic B-cell mass [4]. This strain was established by
the selection of bred Wistar rats that exhibited glucose
intolerance [11, 12]. This study was approved by the Ani-
mal Experiment Ethics Committee of Sojo University
(approval number: 2021-L-006) and was performed in
accordance with standard ethical guidelines for the care and
use of laboratory animals [20]. The animals were housed in
temperature- and light-controlled rooms (21 £ 1°C and
12:12 hr light-dark cycle) and had access to standard food
and tap water ad libitum. A single dose of 5 mg AG/kg
body weight was administered orally to both the strains (n
=9, Wistar; n = 9, GK). Three rats from each strain were
used in the experiment at 1, 6, and 24 h after administra-
tion. At each time point, the rats were anesthetized with
sodium pentobarbital (60 mg/kg; Abbott Laboratories,
North Chicago, IL, USA) and transcardially perfused with
phosphate-buffered saline (PBS) containing 5,000 IU of
heparin sodium (AY Pharmaceuticals Co., Ltd., Tokyo,
Japan) at 50 mL/min for 2 min at room temperature (20—
25°C) and then with a freshly prepared solution of 2% glu-
taraldehyde in PBS for 6 min. Kidneys and liver were
quickly excised from each rat and post-fixed in the same
fixative for 5 hr at room temperature.

Immunohistochemistry

Immunohistochemical staining was performed as
described previously [26, 27]. Post-fixed specimens were
embedded in paraffin according to standard protocols. The
samples were cut into 5-um-thick sections, deparaffinized,
and rehydrated. The sections were consecutively treated
with (1) 6% hydrogen peroxide (Nacalai Tesque, Kyoto,
Japan) in PBS for 30 min, (2) 2 N HCI for 30 min, (3) 0.03
mg/mL protease (Type XXIV: Bacterial; Sigma-Aldrich
Co. Inc., St. Louis, MO, USA) in PBS for 60 min at 30°C
and (4) 5 mg/mL NaBH4 (Sigma-Aldrich Co. Inc., St.
Louis, MO, USA) in PBS for 10 min. After each step, the
specimens were washed thrice with PBS. Next, the speci-
mens were blocked with a protein solution containing 10%
normal goat serum, 1.0% bovine serum albumin (BSA),
and 0.1% saponin in Tris-buffered saline (TBS) for 1 hr at
room temperature and then directly incubated at 4°C
overnight with AAG-78 mAbD diluted 1:20 in TBS supple-
mented with 0.1% Triton X-100 (TBST). The sections were
given three 5-min washes with TBST and then incubated
with Simple Stain Rat MAX-PO (M) (Nichirei Bioscience
Inc., Tokyo, Japan) for 2 hr at room temperature. After TBS
rinses, the site of the antigen-antibody reaction was
revealed using 3,3-diaminobenzidine tetrahydrochloride
substrate (Dojindo Laboratories, Kumamoto, Japan) and
H>0O, for 10 min.

Two types of negative control experiments were per-
formed. One was a conventional control wherein the sec-
tions were exposed to normal mouse IgG diluted to 0.5
pg/mL with TBST instead of the primary mAb. The other
was an absorption control in which an excessive amount
of AG-N-(y-maleimido-butyryloxy) succinimide (GMBS)-
BSA conjugate (30 ng/mL) was added to the antibody solu-
tion before treating the sections.

Semi-quantitative and statistical analysis of AG in rat kidney

It is generally believed that the amount of antigen in
cells and tissues correlates with the staining intensity of
immunohistochemical staining. We measured the image
density of kidney sections at each time point using ImageJ
and performed a semi-quantitative analysis to examine
changes in staining intensity. We took five low-magnifica-
tion images of the upper region of renal cortex without the
S3 segment of the proximal tubule per rat. Since the den-
sity value of each pixel in a digital image is 0 for black and
255 for white, the stronger (darker) the staining of the
section, the smaller the density value. Therefore, the image
density of each image was determined by subtracting the
measured density value of the tissue from the value of an
area without tissue in the section, such as from the lumen
of a renal tubule or blood vessel. The average density of
the five images was calculated and used as staining inten-
sity of each rat. We then performed a t-test to determine
whether there was a statistically significant difference in
staining intensity between the rats of both strains at each
time point. Statistical significance was set at P <0.05.
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III. Results

Localization of alogliptin in rat kidney

Alogliptin localization was assessed in the kidney.
Immunohistochemical assessment in Wistar rats, 1 hr post
AG administration, revealed varying degrees of staining in
the renal cortex, with stronger signals observed in the lower
region where the proximal tubule S3 segment was predomi-
nant (Figs. la, 2d). Moderate to intense staining was
observed in the glomeruli. The epithelium of the distal
tubules and collecting ducts exhibited both AG-positive as
well as almost negative cells (Fig. 2a). In the proximal
tubule S1 and S2 segments, moderate staining was
observed only in the brush border of the epithelial cells,
with no staining in the nucleus or cytoplasm (Fig. 2a). In
the S3 segment, the brush border of the epithelial cells were
also moderately stained; however, many of the nuclei were
strongly stained, and the cytoplasm was weakly to moder-
ately positive for AG (Fig. 2d). The staining pattern and
intensity in the kidney of the GK rats was equivalent to that
of the Wistar rats (Figs. le, 2e, h).

Though the staining intensity in different parts of the
kidney reduced over time, the attenuation rates differed
between Wistar and GK rats. In Wistar rats, the staining
intensity in the glomeruli, proximal tubule S1 and S2 seg-
ments, distal tubules, and collecting ducts revealed a grad-
ual decrease with a considerable reduction observed 6 hr
after AG administration (Figs. 1b, 2b). However, in GK
rats, staining intensities between 1 hr and 6 hr time points
were not different (Figs. 1f, 2f). A statistically significant
difference was observed in the staining intensity of the
upper region of renal cortex between the two strains of rat
at 6 hr after AG administration (Fig. 3).

The staining intensity in the upper region of renal cor-
tex with glomeruli, proximal tubule S1 and S2 segments,
distal tubules, and collecting ducts, was considerably
reduced even in GK rats, 24 hr after administration, though
it was marginally higher than that in Wistar rats (Fig. 2c, g).
However, the staining in the lower region of the cortex with
the proximal tubule S3 segment was similar to that seen at
1 hr, in both Wistar and GK rats (Fig. 1c, g).

Localization of alogliptin in rat liver

In Wistar rats, the liver sections showed weak to
intense staining 1 hr after AG administration (Fig. 4a). A
differential staining intensity was observed in the region of
the hepatic lobule and staining intensity of the hepatocytes
in zone III (area around the central vein) was more than
that of the hepatocytes in zone I (peripheral area of the
hepatic lobule) (Fig. 4a, b, ¢). In zone III, the cytoplasm
of hepatocytes was moderately positive, and many cells
showed stronger nuclear staining (Fig. 4b). In addition,
interlobular connective tissue, endothelial cells of the inter-
lobular artery, interlobular vein, hepatic sinusoid, interlobu-
lar bile ducts, and Kupffer cells demonstrated moderate to
intense staining (Fig. 4c). In contrast, the hepatocytes in
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Fig. 1. Immunohistochemistry for AG in Wistar and GK rat kidney.
Tissue samples are from Wistar rat (a—d) or GK rat (e-h) collected at 1
hr, (a, d, e, h), 6 hr (b, f) and 24 hr (¢, g) after drug administration. d:
Conventional control, f: Absorption control. G: glomerulus. Bars = 200
um (a—h).

GK rats, were barely stained, with no difference observed
in the two zones (Fig. 4e, f, g). The staining pattern in the
interlobular connective tissue, vascular endothelial cells,
interlobular bile ducts, and Kupffer cells was similar to that
observed in Wistar rats (Fig. 4f, g).

After 6 hr of AG administration, the staining intensity
in the liver was considerably reduced in Wistar rats, show-
ing a complete absence in the hepatocytes (Fig. 4d). In
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Fig. 2. High-magnification images of the renal cortex. Tissue samples from Wistar rat (a—d) or GK rat (e-h) and 1 hr (a, d, e, h), 6 hr (b, f) and 24 hr (c,
g) after drug administration. a—c, e—g: upper region, d, h: lower region, G: glomerulus, P; »: S; or S, segment of proximal tubules, P3: S3 segment of
proximal tubules, D: distal tubules, C: collecting ducts, arrows: brush border. Bars = 50 um (a—f).

addition, the staining intensity in the interlobular connec-
tive tissue and the hepatic triad was greatly attenuated, in
both Wistar as well as GK rats (Fig. 4d, h). No staining was
observed in the liver at the 24 hr time point in both Wistar
and GK rats (data not shown).

Negative control experiments

The conventional immunohistochemical staining con-
trols demonstrated no staining for AG (Fig. 1d). The
absorption controls showed that the addition of AG-
GMBS-BSA at a concentration of 30 pg/mL to the primary
antibody solution abolished all staining (Fig. 1h).
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Fig. 4. Immunohistochemistry for AG in liver tissue from Wistar and GK rat liver. Tissue samples are from Wistar rat (a—d) or GK rat (e-h) collected at
1 hr (a—c, e—g) or 6 hr (d, h) after drug administration. CV: central vein, IV: interlobular vein, IA: interlobular artery, IB: interlobular bile duct, arrows:
Kupffer cells, arrow heads: endothelial cells. Bars = 100 pm (a, d, e, h); 25 um (b, ¢, f, g).
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believe that the localization of AG obtained in this study is
accurate.

The immunohistochemical staining intensity depends
on the amount of antigen present in the cells/section. When
an antigen is a drug, the amount of intracellular drug is
estimated as the difference between the amount of drug
taken up by the cell and that excreted from the cell. The
mechanisms for the uptake and excretion of drugs across
cell membranes include simple diffusion and transporter-
mediated transport. AG has a molecular weight of 339.39
and a low lipophilicity (log P = —1.4) [18], which makes it
difficult to pass through the cell membrane by simple diffu-
sion. This suggests the involvement of transporters.

To the best of our knowledge, only one report by
Morimoto et al. suggests the involvement of transporters
for AG, which mentions that although AG is a cationic
drug, AG uptake into Caco-2 cells was significantly inhib-
ited by the organic anion transporting polypeptide (OATP)
substrate and by the OATP inhibitor, but was not inhibited
by organic cation transporter (OCT), organic cation/carni-
tine transporter (OCTN), or peptide transporter 1 (PEPT1)
substrates [18].

Drug excretion from the kidneys is determined by the
balance between glomerular filtration, tubular reabsorption,
and tubular secretion. Therefore, immunostaining of tubular
epithelial cells is believed to represent the difference
between drug reabsorption from primary urine and drug
secretion. Proximal tubular epithelial cells express several
transporters that are involved in drug reabsorption from pri-
mary urine (PEPT1, PEPT2, organic anion transporter 2
(OAT2), and OAT4 [5, 6, 14, 20]), and drug secretion
(OAT1, OAT2, OAT3, OCT2 for uptake from the basolat-
eral side [2, 14], P-glycoprotein (P-gp), multidrug resis-
tance protein 2 (MRP2), MRP4, and breast cancer
resistance protein (BCRP) for secretion to tubular lumen [2,
8, 14]). Excretion transporters such as P-gp (apical side)
and 190-kD MRP (basolateral side) are expressed in distal
tubules and collecting ducts [7, 10, 19], while, as for uptake
transporters, OAT2 (apical side) and OAT3 (basolateral
side) are expressed in the collecting ducts [15].

The basement membrane, which plays a major role in
glomerular filtration, is negatively charged and is a physi-
cal filter that does not allow molecules with a diameter of
10 nm or more to pass through. It also acts as a charge-
selective barrier for the negatively charged molecules. As
AG is a cationic drug with a small molecular weight, it
casily passes through the basement membrane, and most
of it is filtered into primary urine. Among the reabsorption
transporters present on the apical side of proximal tubular
epithelial cells, PEPTs do not use AG as a substrate and
OAT?2 and OAT4 could possibly use AG as a substrate, but
OAT4 is not expressed in rats [21, 29].

In both Wistar and GK rats, the epithelial cells of the
proximal tubule S1 and S2 segments were not stained,
except for the brush border, 1 hr after AG administration.
Therefore, the reabsorption by OAT2 was negligible, and

AG in the primary urine was considered to be hardly reab-
sorbed. We believe that the staining of the brush border is
due to the binding of AG to DPP-4 on the cell membrane
and not the uptake process because DPP-4 is expressed in
the proximal tubule epithelial cells [1, 17].

Excretory transporters such as P-gp, MRP2, MRP4,
and BCRP are expressed on the apical side of the proximal
tubular epithelial cells [2, 8, 29]. P-gp is also expressed in
distal tubules and collecting ducts [7, 10]. However, we
believe that these transporters rarely secrete AG from
epithelial cells into the primary urine because AG is
excreted in urine and not in bile, though P-gp, MRP2, and
BCRP are also expressed in the bile canaliculi membrane
of hepatocytes [16]. Therefore, AG in tubular epithelial
cells is taken up from the basolateral side, and the differ-
ence in the staining intensity of the cells at each site is con-
sidered to be due to the difference in the expression level of
uptake transporters, such as OAT1 and OAT3, in each cell.
There are no reports on OATs expression at any site of the
nephron; however, our results suggest that they are abun-
dantly expressed in the S3 segment of the proximal tubule
and moderately expressed in some cells of the distal tubule
and collecting duct. AG taken up into cells might be
excreted slowly into the primary urine or transferred to the
blood via MRP2, MRP4, or without transporters.

The localization and staining pattern of AG in GK rats
were similar to that of Wistar rats, but the rate of signal
attenuation in the distal tubules and collecting ducts was
reduced, and moderate-to-strong staining remained at 6 hr
after administration. As discussed above, we believe that
AG is rarely secreted from the epithelial cells into primary
urine via the excretion transporters such as P-gp, MRP2,
MRP4, and BCRP, thereby suggesting that the uptake of
AG at these sites may have increased in GK rats. Previous
reports have shown the changes in the expression of
transporter mMRNAs (downregulation: OCT1, OCTN2,
OATP2B1, and OATP1AS; upregulation: OAT2, MRP4,
and BCRP) in the kidneys of rats with type 2 diabetes
induced by a high-fat diet and streptozotocin [24]. Though
there are no reports of altered transporter expression in
GK rats, increased expression of excretion transporters is
unlikely to affect pharmacokinetics. Therefore, the slower
attenuation of staining intensity in these sites in GK rats
may be attributed to the increased expression of organic
anion uptake transporters such as OATs.

In Wistar rat liver 1 hr post AG administration, the
staining intensity of hepatocytes was different in the region
of the hepatic lobule and zone III hepatocytes showed
stronger staining than zone I hepatocytes. As mentioned
above, AG does not easily pass through the cell membrane
by simple diffusion, so we believed that the transporters are
involved in the uptake and excretion of the drug. In hepato-
cytes, the excretion transporters P-gp, MRP2, and BCRP
are localized on the bile canaliculi (a part of the apical cell
membrane of hepatocytes) [16, 23], while the uptake trans-
porters (OAT2, OATP1B1, OATP1B3, OATP2BI, and
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OCT1) and the excretion transporters (MRP3, MRP4, and
MRP6) are located on the basolateral side [16]. There have
been no reports on the expression of transporters in each
zone. However, stronger staining in zone III hepatocytes
may indicate that the uptake transporters such as OAT2 and
OATPs are highly expressed in zone III hepatocytes. AG,
which is known to be rapidly excreted from the kidney,
accumulated in hepatocytes 1 hr after drug administration.
Since, it is unclear whether AG is metabolized or detoxified
in the liver, the meaning of this accumulation is for future
work. In addition, though the excretion of AG in the bile
has not been shown, hepatocyte staining almost disap-
peared after 6 hr. This suggests that intracellular drugs are
returned to the blood by MRPs within a few hours of
administration.

In GK rats, hepatocyte staining was not observed
post 1 hr of drug administration. Wang et al. reported
that the mRNA expression levels of OAT2, OATP2B1, and
OATP1A5 were decreased, whereas those of OCTN2,
OATP3A1, OATP1A1, and MDR2 were increased in the
liver of streptozotocin-induced type 2 diabetic rats [24].
Therefore, we presume that the expression of OATs and/or
OATPs is decreased in GK rats, and that drug uptake into
hepatocytes is suppressed.

This study revealed that the pharmacokinetics of AG
at the cell and tissue level in type 2 diabetes model GK rats
was different from that in healthy Wistar rats. This varia-
tion may be due to the increased expression of transporters
that take up organic anions into cells, such as OATs and
OATPs, in the kidney and decreased expression in the liver
of GK rats, which needs to be assessed in future.
Researches using healthy animals are important for basic
understanding. Furthermore, comparative studies with
healthy animals and pathological animal models aid in a
better understanding of the pharmacokinetics at the cell and
tissue level.
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