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Abstract: Diabetes is one of the major chronic diseases diagnosed worldwide with a common
complication of diabetic nephropathy (DN). There are multiple possible mechanisms associated
with DN. Aldose reductase (AR) and Toll-like receptor 4 (TLR4) may be involved in the occur-
rence and development of DN. Here, we describe the distribution of AR and TLR4 in cells and
renal tissues of diabetic rats through a quantum dot (QD)-based immunofluorescence technique
and conventional immunohistochemistry. As a new type of nanosized fluorophore, QDs have
been recognized in imaging applications and have broad prospects in biomedical research.
The results of the reported study demonstrate that both the AR and the TLR4 proteins were
upregulated in the renal tissues of diabetic rats. Further, to explore the relationship between AR
and TLR4 in the pathogenesis of DN, a dual-color immunofluorescent labeling technique based
on QDs was applied, where the expressions of AR and TLR4 in the renal tissues of diabetic rats
were simultaneously observed — for the first time, as far as we are aware. The optimized QD-
based immunofluorescence technique has not only shown a satisfying sensitivity and specificity
for the detection of biomarkers in cells and tissues, but also is a valuable supplement of immu-
nohistochemistry. The QD-based multiplexed imaging technology provides a new insight into
the mechanistic study of the correlation among biological factors as well as having potential
applications in the diagnosis and treatment of diseases.
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Introduction
Diabetes is one of the major chronic diseases worldwide and can have a serious
impact on human health." Prolonged exposure to chronic hyperglycemia without
timely and effective treatment can ultimately induce various complications affecting
the cardiovascular, renal, neurological, and visual systems. The complications are
the main cause of morbidity and mortality in diabetic patients. Due to the increasing
prevalence of diabetes, diabetic nephropathy (DN) is the major renal complication and
the primary cause of end-stage renal disease.? The pathogenesis of DN still remains
unclear; multiple possible mechanisms are thought to be associated with it, including
advanced glycation end products, protein kinase C, the polyol pathway, inflammatory
cytokines, and the unifying mechanism of superoxide production.’ Therefore, it is
crucial to explore the relationship between the various mechanisms.

Among these mechanisms, the polyol pathway has been extensively studied. Aldose
reductase (AR) is a key enzyme in the polyol pathway that catalyzes the nicotinamide
adenine dinucleotide phosphate, reduced (NADPH)-dependent conversion of glucose
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to sorbitol.* It has low affinity for glucose under normal
glycemic conditions, while the activity is elevated in hyper-
glycemic conditions. Hyperglycemia can activate glucose
flux through the polyol pathway, in which AR accelerates
glucose to sorbitol and NADPH to nicotinamide adenine
dinucleotide phosphate (NADP*).>*¢ The excessive accu-
mulation of sorbitol and NADP* increases oxidative stress
and cell osmotic pressure which eventually induce cellular
damage.”® As it is thought that AR plays an important role
in the development of chronic diabetic complications, much
attention has been focused on this enzyme.’

Toll-like receptors (TLRs), as a family of receptors in the
innate immune system, trigger the signal transduction path-
ways through regulating the expression of proinflammatory
cytokines and chemokines which are known to participate
in the pathogenesis of DN.'"” Among the family of TLRs,
the role and implications of Toll-like receptor 4 (TLR4) in
diabetes have attracted much attention. The TLR4 signal-
ing pathway can induce the upregulation of nuclear factor-
kappa B (NF-xB), and consequently lead to the release of
inflammatory mediators causing inflammation.!! Recently,
some evidence has indicated that the expression of TLR4 is
elevated in the human diabetic kidney and the renal tissues
of the streptozotocin (STZ)-induced diabetic mouse.'>!3

The diagnosis and exploration of the many diseases depend
on the detection and discovery of biomarkers. Previous studies
usually focused on the assessment of AR activity. Localiza-
tion and the visual expression of AR in cells or tissues were
rarely reported. Most studies detected the expression of TLR4
with conventional immunohistochemistry (IHC),"* which
is well-established for cell and tissue imaging. However,
the quantification of multiple biomarkers simultaneously is
limited in conventional IHC. Further, conventional IHC uses
3,3’-diaminobenzidine (DAB) to label the expression sites of
biomarkers, and DAB staining intensity depends on reaction
time, temperature and the concentration of the horseradish
peroxidase substrate. Therefore, the quantitative detection
sensitivity is bound to be influenced, resulting in subjective
diagnosis results. Fluorescence-based imaging may offer a
better solution to IHC in labeling multiple signals with dif-
ferent colors. Nevertheless, to achieve multiple labeling using
conventional organic fluorescent dyes, which have narrow
excitation and broad emission spectra, requires complicated
optical microscopy systems. In addition, their fluorescence is
easy to quench, which makes it impractical to view molecular
signals repeatedly over time.'>!¢ Thus, it is meaningful to seek a
new fluorophore with excellent optical properties for achieving
the detection of multiple biomarkers using spectral imaging.

Quantum dots (QDs) are a novel class of inorganic
fluorescent nanomaterial, which have great potential in
biological imaging.'”'* QDs are semiconductor nanocrystals
with diameters in the order of 2-10 nm, which emit
fluorescence depending on their size. Compared with
conventional organic dyes and fluorescent proteins, QDs
have unique optical properties such as broad absorption
spectra, narrow and symmetrical emission spectra, superior
signal brightness, and resistance to photobleaching.!*-%
At present, QD-based immunofluorescence imaging has
become a trend for biological detection, especially for the
detection of multiple biomarkers in cell biology and in
vivo imaging.?'

The aim of the study reported here was to investigate
the roles of AR and TLR4 in the development of DN and
compare the techniques of quantum dot-based immuno-
histochemistry (QD-IHC) and conventional IHC for the
detection of AR and TLR4 in cells and tissues. Meanwhile,
we also set up a QD-based double-color labeling method
for imaging the expression of AR and TLR4 in diabetic rat
renal tissues simultaneously to explore their relationship.
In this work, we were delighted to find that QD-based IHC is
more convenient and has a satisfying effect in cell and tissue
imaging. An important finding is that the levels of AR and
TLR4 were upregulated in diabetic rat renal tissues which
suggests AR is implicated in inflammation and renal insuf-
ficiency. The results not only provide new insights into the
pathogenesis of DN but also demonstrate that the QD-based
multiplex-staining IHC is a powerful platform for studying
the relationships among biomarkers.

Materials and methods
Conjugation of QDs with AR antibody
and TLR4 antibody

CdSe/CdS/ZnS quantum dots with the emission wavelength
of 620 nm (QDs-620) were obtained as reported previously.?*
For the bioconjugation of QDs, 5 uL of 1 mg/mL QD-620
solution was mixed with 40 uL of 0.5 mg/mL 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) solution
(Thermo Fisher Scientific, Waltham, MA, USA) and gently
stirred for 2-3 minutes, with a total of five samples prepared.
Mouse monoclonal AR antibody (Ab) solution (1 uL to 5 uL
of 200 pg/mL; Santa Cruz Biotechnology Inc., Dallas, TX,
USA) and the appropriate amount of double-distilled water
were added into the five mixtures to make a total volume of
50 uL and gently stirred. Then they were incubated at room
temperature for 2 hours to allow the Ab to covalently bind
to the QDs-620.
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QDs-620 conjugated with rabbit polyclonal TLR4 Ab
(Boster Biotechnology Co Ltd, Wuhan, Hubei, People’s
Republic of China) was prepared using the same methods. Five
different ratios of QD—anti-AR conjugates and QD—anti-TLR4
conjugates were prepared. Agarose gel electrophoresis was
used to detect the effect of the conjugates. Furthermore,
immunofluorescence and IHC were used to confirm their
functions in cells and tissues.

Agarose gel electrophoresis

Gels 0.5 cm thick were prepared from 1% agarose v/v in 1X
TAE buffer (40 mM Tris, 40 mM acetate, | mM ethylenedi-
aminetetraacetic acid [EDTA]; pH 8.3). A 10 uL amount of the
conjugates, 1 UL of 1 mg/mL QD solution, and 1 uL of primary
Ab stock solution were mixed with a moderate sample buffer,
and the mixtures were loaded into the sample wells on agarose
gels in Tris—Tricine sample buffer (Bio-Rad Laboratories Inc,
Hercules, CA, USA). The electrophoresis was run at 100 V for
20 minutes in 1X TAE buffer at room temperature and imaged
by ultraviolet excitation with the gel-imaging system (Tanon
Science and Technology Co, Shanghai, People’s Republic of
China). Then the gel was stained with Coomassie Brilliant
Blue and imaged with a charge-coupled device (CCD) camera
(Kodak, Rochester, NY, USA).

Transient transfection of COS-7 cells
African green monkey kidney fibroblast-like cells (COS-7
cells) (American Type Culture Collection, Manassas, VA,
USA) were cultured at 37°C, 5% CO, in Dulbecco’s Modified
Eagle’s Medium (Gibco®; Thermo Fisher Scientific) supple-
mented with 5% fetal bovine serum (Gibco, Thermo Fisher Sci-
entific). The day before transfection, 2x10° COS-7 cells were
seeded on coverslips in 35 mm cell-culture dishes. One hour
before transfection, the complete cell medium was replaced
with serum-free Dulbecco’s Modified Eagle’s Medium
when the cells achieved a confluence of 60%—-80%. Cells
were transfected with plasmid-named pHAR (constructed
in our laboratory®), which contains the human 4R gene,
using transfection reagent (Vigorous Biotechnology Beijing
Co., Ltd, Beijing, People’s Republic of China). In addition,
another group of the same cells was transfected with pHAG
(constructed in our laboratory®) containing the human AR
gene and the EGFP reporter gene — the latter was used for
evaluating the transfection efficiency by flow cytometry and
fluorescence microscopy. At 24 hours after transfection, the
cells were imaged by Olympus IX71 Fluorescence Microscope
(Olympus Corporation, Tokyo, Japan), and the transfection
efficiency was detected by IHC and flow cytometry.

Cell immunohistochemistry and flow

cytometry
The transfected cells were fixed and permeabilized with 4%
formaldehyde and 0.1% Triton™ X-100 at room temperature
for 10 minutes. After washing with phosphate-buffered saline
(PBS) three times, the cells were blocked with 10% goat serum
at 37°C for 30 minutes and incubated with AR Ab solution
(diluted 1:200 with the Ab diluent) overnight at 4°C. The fol-
lowing steps were performed according to the instructions of
the streptavidin (SA)/peroxidase kit used (SP-9002; Beijing
Zhongshan Biotechnology Limited Company [ZSBIO],
Beijing, People’s Republic of China). Finally, the cells were
stained with DAB chromogenic agent (Sigma-Aldrich Co,
St Louis, MO, USA). Cells transfected with empty vectors in
another parallel experiment were set as the control group.
The cells transfected with pHAG plasmid in 35 mm cell-
culture dishes were collected in a centrifuge tube and centri-
fuged at 1,500 rpm for 5 minutes. Afterwards, the cells were
resuspended in PBS, and the expression of EGFP gene and
AR gene was detected by flow cytometry (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA).

Cell QD immunofluorescence
The procedures before incubating the primary antibodies were
the same as those for the cell IHC. After permeabilization, the
cells were incubated with QD—anti-AR conjugates (the QD
concentration was 10 pg/mL) for 2 hours at 37°C. Finally, cells
were stained with 4’,6-diamidino-2-phenylindole (DAPI) that
had specific affinity to nuclei for 5 minutes then washed with
PBS. The Ab internalization was directly examined under a
fluorescence microscope after mounted by 90% glycerin.

Another QD immunofluorescence method was to use
quantum dots with an emission wavelength of 605 nm
(QDs-605) conjugated to streptavidin (QD—SA; Wuhan
Jiayuan Quantum Dot Technological Development Co.,
Ltd., Wuhan, Hubei, People’s Republic of China) to
label cells. Briefly, after permeabilization, the cells were
washed with PBS and covered with 10% goat serum for
30 minutes at 37°C. Next, the cells were incubated with AR
Ab for 2 hours at 37°C before being washed with PBS, then
incubated with biotinylated anti-mouse immunoglobulin G
(IgG; 1:400 dilution, Wuhan Jiayuan) for 30 minutes at 37°C.
For the QD conjugation, the cells were stained with QD—SA
(1:200 dilution) for 30 minutes at 37°C then washed three
times with PBS. After staining the nuclei with DAPI, the
cells were sealed with 90% glycerin.

The positive signals of the cells were detected with the
Olympus IX71 Fluorescence Microscope equipped with an
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Olympus DP72 camera (Olympus Corporation) and imaged
with CCD software.

Diets and STZ-induced DN

Male Sprague Dawley® rats aged 12 weeks old were pro-
vided by the Animal Center of the Chinese PLA General
Hospital. The animals were acclimatized for 1 week before
experiments. Rats were divided into a control group (CON,
n=10), fed a standard chow diet (STD, 15% of calories), and
a diabetic group (DM, n=7), fed a high-fat diet (HFD, 40% of
calories). After 5 weeks on the HFD, the HFD rats received a
single injection of 35 mg/kg dose of STZ (Sigma-Aldrich Co)
dissolved in citrate buffer. Simultaneously, the control rats
received citrate buffer alone. Two days later, random blood
glucose was measured in duplicate from tail-vein blood using
a glucometer (Roche Holding AG, Basel, Switzerland). Rats
with random blood glucose >16.7 mmol/L were considered
diabetic. All animals were continuously observed 12 weeks
after STZ administration. At the end of experiment, the
two groups of animals were anesthetized, and the kidneys
were excised and fixed in formaldehyde. After washing in
ethanol and xylol several times, the samples were embedded
in paraffin wax and 4 um thick sections were prepared for
subsequent analysis.

Hematoxylin and eosin staining

Kidney sections were baked at 80°C in a hot oven for
20 minutes then de-waxed in xylol for 10 minutes three times
and rehydrated in gradient alcohol for 5 minutes four times.
Sections were stained with hematoxylin solution (Sigma-
Aldrich Co) for 5 minutes and eluted with 1% hydrochloric
acid in ethanol for 20 seconds, then rinsed with tap water for
several minutes until they turned blue. Next, sections were
stained with eosin solution (Beijing ZSBIO) for 2 minutes
and washed. Finally, after dehydration and mounting, sec-
tions were observed by Olympus IX71 microscope using the
Olympus DP72 camera.

IHC

Briefly, renal sections were de-waxed and rehydrated in xylol
and alcohol solutions at different concentrations. Antigen
retrieval of tissue sections was performed by boiling sections
in a microwave in citric acid, pH 6.0. Endogenous peroxi-
dase activity was quenched with 3% hydrogen peroxidase.
Thereafter, sections were incubated with 10% goat serum to
prevent nonspecific binding. The sections were then incu-
bated with mouse AR Ab dilution (1:200), or rabbit TLR4
Ab dilution (1:100) overnight at 4°C. After three rinses with

PBS for 3 minutes, the sections were incubated with mouse
or rabbit biotinylated IgG kit (Beijing ZSBIO) for 30 minutes
at 37°C. Followed by three washes with PBS, sections were
successively incubated with SA peroxidase for 30 minutes
at 37°C and stained with DAB. Finally, followed by staining
the nuclei with hematoxylin, the sections were dehydrated
and sealed.

The procedures of QD-IHC were basically as follows. The
de-waxing, rehydrating, and antigen retrieval steps were the
same as those just described. Then sections were incubated
with 10% goat serum for 30 minutes at 37°C but not incu-
bated with 3% hydrogen peroxidase. Another difference was
that after incubation with AR Ab dilution (1:200), or TLR4
AD dilution (1:100) overnight at 4°C and rinsing with PBS,
the sections were incubated with corresponding biotinylated
IgG (1:400) for 30 minutes at 37°C. Successively, sections
were rinsed with PBS and stained with QDs-605 conju-
gated to SA (1:200 diluted in 2% bovine serum albumin)
for 30 minutes at 37°C. Finally sections were washed three
times with PBS and sealed with 90% glycerin.

For the QD—AD conjugate IHC, the steps before incubat-
ing the primary Ab were the same as for QD-SA IHC. After
incubation with 10% goat serum, sections were incubated
with QD—-anti-TLR4 conjugates directly. Then the sections
were washed three times with PBS and sealed with 90%
glycerin.

The concrete steps of the three IHC are listed in Table 1.
All sections were photographed with an Olympus 1X71

Table | The steps of three immunohistochemical methods for
Toll-like receptor 4 (TLR4) detection

Step IHC QD-IHC
QD-SA QD-anti-
TLR4
Preparing specimens + + +
3% H,O,, 10 minutes +
PBS, 3x3 minutes + + +
Blocking, 30 minutes + + +
TLR4 antibody/QD-anti-TLR4, 2 hours + + +
PBS, 3x3 minutes + + +
Biotinylated second antibody, 30 minutes + + -
PBS, 3x3 minutes + + +
Streptavidin peroxidase/QD-SA, 30 minutes + +
PBS, 3x3 minutes + + +
DAB chromogenic reaction + - _
Hematoxylin staining + - -
Dehydrating + —
Mounting + + +

Abbreviations: DAB, 3,3’-diaminobenzidine; IHC, immunohistochemistry; PBS,
phosphate-buffered saline; QD-SA, Quantum dots conjugated to streptavidin.
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microscope using the Olympus DP72 camera and imaged
with CCD software.

Dual-color immunofluorescent labeling
with QDs

The primary antibodies were mouse monoclonal AR Ab and
rabbit polyclonal TLR4 Ab. The QDs probes were QDs-605
conjugated anti-mouse IgG and QDs-525 conjugated to SA
(QD-SA, Wuhan Jiayuan). For multiplexed QD staining,
a mixture of two primary antibodies from two species was
used to recognize two antigens in the same tissue section.
A mixture of two QD probes was applied to stain the cor-
responding antibodies for 1 hour at 37°C. The sections were
imaged on an Olympus IX71 microscope using the Olympus
DP72 camera. The QDs-525 and QDs-605 were excited by
ultraviolet light.

Results

Conjugation of QDs-620 with AR Ab

and TLR4 Ab

In order to find the optimal conjugate ratio of QDs-620 to Ab,
five different QD:Ab ratios from 5:1 to 5:5 were set up. We
used agarose gel electrophoresis (Figure 1) to detect the effect
of the QD—AD conjugates. The red fluorescent signals from
the QDs show that the QD—Ab conjugates obviously (Lines 2
to 6) lag behind the red bands of the QDs alone (Figure 1Aa

and Ba). Meanwhile, the protein bands in gels stained by
Coomassie Brilliant Blue (Figure 1Ab and 1Bb) are in the
same position as the red fluorescent signals from the QD—Ab
conjugates (Figure 1 Aa and 1BD). The results suggest that the
QDs-620 were successfully conjugated with AR and TLR4
antibodies. Moreover, for the five different QD:AR
ratios (Figure 1 Aa), we can see the red bands in Line 2
(QD:AR =5:1) and Line 3 (QD:AR =5:2) are less intensive
and more diffuse than in Lines 4 to 6. This indicates that
there were unconjugated QDs in the QD—-anti-AR conjugates
at 5:1 and 5:2 ratios. As a result, a QD:AR ratio of 5:3 was
chosen as the optimal conjugate ratio for the conjugation of
QDs-620 with AR Ab. Similarly, the QD:TLR4 ratio of 5:2
was the optimal conjugate ratio for the conjugation of QDs-
620 with TLR4 Ab.

Expression of AR labeled with QDs

in living cells

In this study, we constructed a cell model with high expres-
sion of AR through transfecting plasmid pHAR into COS-7
cells. The brown positive signals in Figure 2A show the
expression of AR in transfected cells. In contrast, no posi-
tive signal was detected in the control group transfected with
the empty vector (Figure 2B). In order to visually assess
the transfection efficiency of plasmid pHAR more directly,
another group of the same cells was transfected with plasmid

Figure | Agarose gel (1%) electrophoresis of (A) quantum dot (QD)-anti-aldose reductase (AR) conjugates and (B) QD-anti-Toll-like receptor 4 (TLR4) conjugates.
(Aa and Ba) Fluorescent of CdSe/CdS/ZnS quantum dots with the emission wavelength of 620 nm (QDs-620) in the gels imaged under ultraviolet illumination. (Ab and Bb)

Protein bands in the gels stained by Coomassie Brilliant Blue.

Notes: Line | in each image are QDs-620 alone. Lines 2—6 are conjugates of different QD:primary antibody ratios from 5:1 to 5:5. Line 7 in each image is the (Aa and b)

AR antibody or (Ba and b) TLR4 antibody alone.
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Figure 2 The expression of aldose reductase in COS-7 cells transfected with (A) the plasmid of pHAR and (B) empty vector by immunohistochemistry. (C) The expression
of EGFP in COS-7 cells transfected with the plasmid of pHAG.

Note: Scale bar: 50 um.

Abbreviation: EGFP, the green fluorescent protein gene.

pHAG containing AR gene and EGFP fusion gene. Therich  that a high AR expression cell model was successfully
green fluorescent signals in cells which transfected with  constructed.

pHAG can be observed in Figure 2C. Moreover, with flow Figure 3 compares two different QD-based immunofiuo-
cytometry analysis, the gene transfection efficiency was  rescence methods used to label the AR expression in cells,
measured to be 53.73%. On the whole, the results suggest ~ where two different QD conjugates, QDs-605 conjugated to

A AR Nucleus Merged

w
QDs-620-anti-AR  QDs-605-SA
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Figure 3 Quantum dot (QD)-based immunofluorescence of aldose reductase (AR) in COS-7 cells transfected with (A and B) plasmid pHAR and (C) empty vector. The cells
in (A) were stained by quantum dots with the emission wavelength of 605 nm conjugated to streptavidin (QDs-605-SA) and the cells in (B) were stained by CdSe/CdS/ZnS
quantum dots with the emission wavelength of 620 nm (QDs-620)-anti-AR conjugates. Cells in (C) were blank control. The column on the left displays AR images labeled
by QDs, and the middle column shows the nucleus images. The column on the right shows the overlays of QD fluorescence and nucleus images. (D) QD emission spectra
data used for unmixed image.

Note: Scale bars: 50 um.
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streptavidin (QD—SA, Figure 3A) and QD620 conjugated to
anti-AR (QD-anti-AR, Figure 3B), were used. The red signals
in Figure 3A and B not only show high expression of AR in
the cells, but also reveal its expression located in the cells’
cytoplasm and membrane, while there are no red signals in
Figure 3C. In addition, the red signals distributed in Figure 3A
are more uniform than the red signals in Figure 3B. As a
comparison, the technological process of QD—SA requires
a longer time and more steps than that of the QD—anti-AR
conjugates, but has better specificity and labeling effect.

Expression of TLR4 and AR in renal

tissues of rats

In order to explore the pathogenesis of DN, a type 2 diabetes
mellitus rat model was established by feeding rats a HFD and
administering them a low-dose STZ injection. The general
conditions (blood glucose, weight, proteinuria, and so on)
of rats and the renal pathological changes were detected to
verify whether the model succeeded or not. Compared with
the normal control rats, higher blood glucose, lower weight,
and severe proteinuria were observed in the HFD-STZ-
induced diabetic rats. Moreover, as shown in Figure 4, the
diabetic rats exhibited glomerular enlargement (Figure 4A,
red arrow) and mesangial matrix expansion — notably, the
most obvious change was the tubules which experienced
swelling and extensive vacuolar degeneration (Figure 4B,
black arrow). This indicates that the diabetic rat model was
established successfully and early renal pathological changes
could be found in the diabetic rats.

TLR4 expression was examined in some paraffin-
embedded sections of rats’ renal tissues by conventional [HC
and QD immunofluorescence. Strong brown positive signals
of TLR4 in the renal cortex tubules, predominantly in the

tubules which experienced swelling and extensive vacuolar
degeneration, were detected in tissues from diabetic rats
(Figure 5D), but little staining was observed in tissues from
the control group (Figure 5A). In order to verify the labeling
effect of QD immunofluorescence intuitively, renal tissue
sections from the same rats were assessed for the expression
of TLR4 by IHC staining with DAB, QD-SA, and QD-
anti-TLR4 conjugates. In addition, the same visual fields
of the renal tissue sections stained using the different three
methods were selected for imaging evaluations. The results
show that the expression of TLR4 stained by both QD-SA
(Figure 5B and E) and QD-anti-TLR4 conjugates (Figure
5C and F) were completely consistent with conventional IHC
in the expression sites, with similar intensity. These results
suggest that the expression level of TLR4 protein in DN was
upregulated and the QD-based immunofluorescence displays
a satisfying effect, with lower nonspecific staining compared
to conventional ITHC.

Figure 6 shows the AR expression which was detected
in the renal tissues of the rats by conventional IHC and QD
immunofluorescence. The strong brown positive signals from
conventional IHC were consistent with the bright red signals
of QD-SA immunofluorescence representing AR expression
in the renal tissues of diabetic rats. The staining was mainly
located in the glomerular capillary (Figure 6C and G) and
the interstitial capillary (Figure 6D and H). As a comparison,
weak brown positive signals of AR expression were observed
in normal rats. This indicates the expression level of AR was
upregulated in the renal capillary of the diabetic rats.

For the detection of protein in tissue slides, conventional
IHC is the most common method. However, research on
the application of nanomaterials in molecular diagnosis is
gradually increasing. As shown in Table 2, the three THC

Figure 4 Hematoxylin and eosin staining of the renal cortex of (A) normal rats and (B) diabetic rats. The red arrow indicates the glomerulus and the black arrow indicates

the tubule.
Note: Scale bars: 100 pum.
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DAB QDs-605-SA QDs-620-anti-TLR4

Normal rats

Diabetic rats

Figure 5 Distribution of Toll-like receptor 4 (TLR4) protein in the renal tissues of (A—C) normal rats and (D-F) diabetic rats identified with immunohistochemistry (IHC)
and quantum dot (QD)-IHC. The column on the left displays 3,3’-diaminobenzidine (DAB) staining, the middle column shows TLR4 stained by quantum dots with the emission
wavelength of 605 nm conjugated to streptavidin (QDs-605-SA), and the column on the right shows TLR4 stained by CdSe/CdS/ZnS quantum dots with the emission
wavelength of 620 nm (QDs-620)—anti-TLR4 conjugates. TLR4 protein localization patterns were the same when detected by the three staining methods. The middle and
right columns were excited by blue light. The green background in (B, C, E, and F) is tissue autofluorescence (yellow arrows) and the red signal is QD fluorescence (red
arrows).

Note: Scale bars: 100 pm.

Normal rats Diabetic rats
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Figure 6 The expression of aldose reductase (AR) stained by 3,3’-diaminobenzidine (DAB) and quantum dots with the emission wavelength of 605 nm conjugated to streptavidin
(QDs-605-SA) in rat renal tissues. (A, B, E, and F) Normal rat tissue; (C, D, G, and H) diabetic rat tissue. The green background in (E-H) is tissue autofluorescence and the
red signal is quantum-dot fluorescent. The expression of AR is located in the glomerulus (yellow arrows) and renal interstitium (red arrows) of rats.

Note: Scale bars: 100 um.

Table 2 The overall characteristics of three immunohistochemical methods

Method Step Time Detection rate (%) Remarks

IHC 9 ~7.0 hours 100 (control group) Based on color-grading of the
immunoperoxidase stains, nonspecific staining

QD-IHC (QD-SA) 5 ~5.0 hours 96.7% Accurate and specific

QD-IHC (QD-conjugated primary antibody) 3 ~3.5 hours 85.0-100.0% Accurate, specific, and convenient

Abbreviations: IHC, immunohistochemistry; QD, quantum dot; SA, streptavidin.
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methods have their own characteristics and advantages. The
labeling effects of the three methods are all highly efficient
in staining protein expression. Compared with conventional
IHC, QD-IHC omits several steps, such as DAB coloration,
counterstaining, and transparence of the tissue slides, sav-
ing a lot of time. In addition, although the labeling effects
of QD—Ab conjugates IHC depend on the conjugated effi-
ciency between QDs and the primary Ab, it is the simplest
and most quick labeling method, based on our study. This
suggests that the QD-IHC methods possess wide potential
application prospects.

Multiplexed QD imaging

For visualizing the two proteins in DN kidney tissues
simultaneously and gaining new insights into the complex
interaction between AR and TLR4, we established a mul-
tiplexed QD imaging method (Figure 7). Two colors of
QDs could be simultaneously excited by ultraviolet light
and there was no spectral overlapping for spectrum analysis
(Figure 7C). The green signals (green arrows) and the red
signals (red arrows) show that the AR and TLR4 proteins
were upregulated simultaneously in the renal tissues of
diabetic rats. The AR overexpressed in the renal glomerular
capillary and interstitial capillary while the TLR4 protein
highly expressed in the vacuoles and degenerated the
tubules of the diabetic rats. Further, the locations of the two
proteins with the multiplexed QD imaging method were
completely consistent with the locations which detected
by the monochrome imaging method. In contrast, there
were no simultaneous green and red signals in the normal
control rats. In brief, the positive signals of AR and TLR4
in diabetic kidney tissues were first observed simultane-
ously by a multiplexed QD imaging method. The results

50 microns

suggest that there might be some kind of related mechanism
between AR and TLR4.

Discussion
DN is one of the most common chronic complications
of diabetes, which is related to various factors, including
genetics, abnormal glucose metabolism, and hemodynamic
disorders. The pathogenesis of DN is complex and serious.
In recent years many studies have indicated that immuno-
logic and inflammatory mechanisms play significant roles
in the development and progression of DN.?”"* TLRs are
highly involved in the immune and inflammatory reactions
and TLR4 plays a crucial role in the signal transduction of
mediated inflammatory reaction.'>* Tuttle*” reported that
DN can be viewed as an inflammatory disease triggered by
disordered metabolism, including protein kinase C activated
by hyperglycemia and associated metabolic disturbances.
AR was first found to be involved in the development of
diabetes through the polyol pathway.* The overexpressed
AR in blood causes sorbitol accumulation and the reduction
of NADPH in cells by activating the polyol pathway, which
results in cell damage and induces the occurrence of chronic
diabetic complications. Vedantham et al*! utilized immuno-
fluorescence and Western blotting to detect the expression
of AR in the aortic arch of mice, carotid artery specimens
from humans, and AR* murine aortic endothelial cells. To
explore the treatment of diabetes against AR, we constructed
eukaryotic expression vectors containing the human 4R gene
and the subsequently developed cell model can be used for
aldose reductase inhibitor (ARI) screening.” Although we
know AR has an important role in the development of dia-
betes, studies on the intuitive expression and distribution of
AR in renal tissues of diabetes are quite limited.

C —— QDs-525
——— QDs-605
- Autofluorescence

0.6

0.4

0.2

500 520 540 560 580 600 620 640 660
Wavelength (nm)

Figure 7 Multiplexed quantum-dot (QD) imaging of aldose reductase (AR) and Toll-like receptor 4 (TLR4) expressed in the kidneys of diabetic rats. AR (red arrow) and
TLR4 (green arrow) were simultaneously labeled with the nano-probes — quantum dots with the emission wavelength of 605 nm (QDs-605) and quantum dots with the
emission wavelength of 525 nm (QDs-525), respectively. (A) Normal rat renal tissue. (B) Diabetic rat renal tissue. The tissues were excited by ultraviolet light (the blue
colors are the autofluorescence of tissues). (C) QD emission spectrum.

Note: Scale bars: 100 um.
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AR and TLR4 as biomarkers of diabetes may be involved
in the development of DN influenced by inflammatory reac-
tion in varying degrees. So it is worth studying whether
there is some relation between AR and TLR4. In this study,
we established the modeling of diabetic rats intraperitone-
ally injected with STZ solution for further exploration of
pathogenesis by detecting the expression of proteins (AR
and TLR4) in renal tissues. We attempted to establish a new
visual strategy to achieve the detection of AR and TLR4
simultaneously. We found that TLR4 was upregulated in the
renal tubules of diabetic rats, and, notably, that renal vacuoles
degenerated the tubules; that is to say, the proinflammatory
role of TLR4 was implicated in diabetes and DN. In addition,
Lin et al'> and Liu et al'* also reported through conventional
IHC that TLR4 was overexpressed in diabetic renal tubule.
It indicates that there is a high positive correlation between
TLR4 activation and diabetic renal tubular injury, while
TLR4 might be a promising therapeutic target in DN.

Meanwhile, we identified for the first time, as far as we are
aware, the overexpression of AR in the renal tissues of dia-
betic rats through IHC. The results show that AR was mainly
upregulated in the glomerulus vascules and renal intersti-
tium vascules in the kidneys of diabetic rats. Previously we
evaluated the activity of erythrocyte AR on the blood of
diabetic rats by fluorometry and the results suggested that
the AR activity was increased in diabetic groups and with
an increasing tendency during the course of diabetes devel-
opment.*? As the glomerular and renal interstitial tissues are
rich in blood vessels, we speculate that the overexpression
of AR in renal tissues is related to the high activity of AR in
the blood of diabetic rats.

There are few technologies for detecting AR. Most
previous studies on the detection of AR relied on the activ-
ity assay or Western blotting for qualitative or quantitative
analysis,”>** while the present study reveals an intuitive
impression of the localization of AR in cells and tissues
with QD immunofluorescence. Since Bruchez et al** and
Chan and Nie* first reported the use of QDs in biomedical
research in 1998, the applications of QDs have increased
rapidly. Nowadays, due to their unique optical properties,
QDs have been successfully used as novel fluorescent tools
for the immunofluorescent labeling of cells or tissues?3¢37
and other bio-analytical purposes.*® Wu et al*® used QDs
linked to IgG and SA to label the breast-cancer marker
Her2 on fixed cancer cells. They showed that, compared
with conventional organic dyes, QDs offered more intense
fluorescent signals and were considerably more photostable.
Some studies which used QD conjugates to label biomarkers

had satisfying results.** Our study shows that the probe QDs
linked to primary Ab (AR/TLR4 Ab) can image the expres-
sion of AR and TLR4 clearly and accurately. The approach
of QD conjugated with Ab is various and complex**#! and
there are various ways of identifying the conjugates, includ-
ing mass spectrometry, capillary electrophoresis, and so on.*
In this study, we set up QD-primary Ab probes with simple
steps, omitting ultrafiltration and purification. In addition,
the conjugating efficiency of the probes could be detected by
agarose gel electrophoresis, providing a more convenient and
effective way of using QD immunofluorescence in cellular
imaging and tissue staining.

QDs have a broad absorption spectrum and narrow
emission spectrum, and different colors of QDs can be
simultaneously excited by a single light source and minimal
spectral overlapping, which provides a valuable reference
for the multiplexed detection of targets.*** Based on this,
in the present study we developed a QD dual-color strategy
to simultaneously image AR and TLR4 in the renal tissues
of rats, through which we have explored their roles and
relationship in the occurrence and development of DN. The
results provide direct morphological evidence to show that
the expression of AR and TLR4 are indeed observed syn-
chronously in the renal tissues of diabetic rats, indicating that
AR and TLR4 may jointly participate in the development
of DN through a particular pathway such as inflammation.
Ramana® provided extensive research during recent years
suggesting that AR plays a major role in the mediation of
oxidative stress-induced inflammatory signals. Our results
suggest that ARIs may be used to treat inflammation, but
more evidence is needed to confirm this hypothesis. There-
fore, to further study the co-expression pathway of the two
biomarkers and the effective targeted therapy may be of
great help in the prevention and treatment of diabetes and
inflammatory diseases. Multiplexed QD imaging shows not
only the visualization of targets, but also the relationships
between biomarkers and the processes of diseases.

Conclusion

In this study, we found that AR was upregulated in the
glomerulus vascules and renal interstitium vascules of renal
tissues of diabetic rats. It provides evidence for exploring the
pathogenesis of DN. Moreover, we observed that AR and
TLR4 were simultaneously upregulated in the renal tissues of
diabetic rats through a QD-based dual-color labeling strategy,
which indicated AR and TLR4 jointly participated in the
occurrence and development of DN. ARIs may have thera-
peutic potential for inflammatory diseases. The QD-based
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multiplexed imaging technology provides a new insight into
the mechanism study on the correlation among biological
factors as well as the diagnosis and treatment of diseases.
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