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Conditional knockout of pyruvate dehydrogenase in mouse
pancreatic f3-cells causes morphological and functional changes
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Abstract. Diabetes mellitus is a metabolic disorder predomi-
nantly caused by the dysfunction of pancreatic B-cells. This
dysfunction is partly caused by the dysregulation of pyruvate
dehydrogenase (PDH), which acts as an important mediator of
pyruvate oxidation after glycolysis and fuels the tricarboxylic
acid cycle. Previous studies have reported decreased PDH
expression in rodent models and humans with type 2 diabetes
mellitus (T2DM), suggesting that PDH may play an important
role in the development of T2DM. However, the mechanism by
which PDH affects insulin secretion and -cell development is
poorly understood. Using immunofluorescence staining, the
present study found that the expression of pyruvate dehydro-
genase El-a subunit (PDHAI; encoded by the PDHAI gene)
in the islets of type 2 diabetic mice (db/db mice) was lower
than in wild-type mice, which indicated the possible associa-
tion between PDHA land diabetes. To further understand this
mechanism, an inducible, islet-specific PDHA1 knockout
mouse (BKO) model was established. The phenotype was
authenticated, and the blood glucose levels and islet function
between the KO and control mice were compared. Though
no changes were found in food intake, development status,
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fasting blood glucose or weight between the groups, the level
of insulin secretion at 30 min after glucose injection in the
PKO group was significantly lower compared with the control
group. Furthermore, the performed of the KO mice on the
intraperitoneal glucose tolerance test was visibly impaired
when compared with the control mice. Pancreatic tissues were
collected for hematoxylin and eosin staining, immunohisto-
chemical and confocal laser-scanning microscopy analysis.
Examination of the islets from the KO mouse model indicated
that abolishing the expression of PDH caused a compensatory
islet enlargement and impaired insulin secretion.

Introduction

Diabetes mellitus is a metabolic disorder characterized by
hyperglycemia as a result of -cell dysfunction and insulin
resistance (1,2). The pathogenesis of diabetes is not fully
understood, but includes insulin resistance and a deficit
of pB-cell mass. Increasing attention has been paid to the
significant role of mitochondrial energy metabolism in the
development of diabetes mellitus (3,4). Mitochondria convert
energy-storing molecules, such as glucose, free fatty acids and
amino acids, into ATP via oxidative phosphorylation, and are
involved in B-cell proliferation, and the synthesis and release
of insulin (5).

Mitochondria are widely distributed in eukaryotic cells,
providing energy for cellular activities, participating in impor-
tant metabolic pathways, maintaining the cell ion balance and
participating in signal transduction, all of which are important
processes to maintain normal cellular activity (6).

Mitochondrial regulation controls various aspects of
cellular homeostasis in the organism (7-9). Furthermore, the
regulation of mitochondria contributes to the pathogenesis of
metabolic disorders, including obesity, metabolic syndrome,
type 2 diabetes mellitus (T2DM) and cancer (10,11). Previous
studies have indicated that dysfunction in mitochondrial
energy metabolism may be the fundamental cause of impaired
insulin secretion by (3-cells (11,12).

The primary role of B-cells is to release insulin in response
to postprandial blood glucose levels (2). Glucose is transported
into f-cells by diffusion and is subsequently metabolized
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during glycolysis and the tricarboxylic acid (TCA) cycle (5,7).
Glycolysis leads to the production of pyruvate, which enters the
mitochondria to be oxidized (8). Pyruvate is metabolized by the
pyruvate dehydrogenase (PDH) complex (PDHc), a controller of
glucose oxidation, which is present in the mitochondrial matrix,
and is further converted to acetyl-coenzyme A (CoA) to obtain
citrate that participates in the TCA cycle (12-14). This increases
the ATP/ADP ratio and causes the plasma ATP-dependent K*
channel to close. The voltage-dependent Ca** channel opens
and triggers the exocytosis of insulin (12,15). The metabolic
coupling factor amplifies insulin secretion, meaning that glucose
and products of glucose metabolism potentiate the exocytosis of
insulin molecules without any further increase in cytosolic Ca?*
concentrations (11).

The most important enzyme to determine which path to
take is PDHc, which catalyzes the initiating reaction in the TCA
cycle and directly regulates insulin secretion. Impairment of the
PDHc directly affects the growth and function of B-cells (7.9).

The PDHc is a composite of the mitochondrial enzyme
system and a member of the 2-oxygen (generation) acid
dehydrogenase complex family. PDHc is composed of thia-
mine-dependent tetrameric (a232) PDH (PDHAL; encoded
by the PDHAI gene), dihydrolipoamide acetyltransferase
and flavin adenine dinucleotide-containing dihydrolipoamide
dehydrogenase (E3), which is attached to the complex by the
E3-binding protein (16,17).

PDH catalyzes the irreversible oxidative decarboxylation
of pyruvate into acetyl-CoA and reduces NAD* to NADH,
which links the aerobic oxidation of glucose with the cyclic
capacity of TCA, playing an important role in the energy
metabolism of the mitochondrial respiratory chain and distin-
guishing between aerobic and anaerobic oxidation (18,19).
When the levels of PDH are reduced, the proportion of energy
supplied by glucose decreases, while the contribution of other
energy-producing molecules, such as lipids and amino acids,
increases (20). The activity of PDH is determined by the
inhibitory effect of pyruvate dehydrogenase kinase (PDK) on
the PDHc (17,21-23). PDK phosphorylates PDH-Ela, inacti-
vating PDH. Loss of PDH activity leads to glucose metabolic
disorders and tissue damage, which influence the growth,
differentiation and functional expression of B-cells (4,18).

Previous studies have focused on the function of
PDH (17,24,25). Mice with PDHAI knocked out in the
heart exhibited ventricular dysfunction, predominantly
diastolic (26,27), while treatment with dichloroacetic acid
has been reported to reverse ventricular dysfunction (28). The
hyperinsulinemia-positive glucose clamping test in obese
Wistar rats revealed higher plasma lactate levels (17,29). In
the liver, under insulin resistance or obese conditions, PDH
activity is abnormally reduced (30), glucose utilization is
reduced and hepatic glycogen production is increased, leading
to high levels of blood glucose (23,25,31).

Therefore, mitochondrial metabolism plays a significant
role in the onset and development of diabetes. Previous studies
have shown that the expression of PDHc is reduced in rodent
models of T2DM and the human body (22,32), indicating the
central role played by PDHc in the development of diabetes.
However, the effect of PDHAI1 on pancreatic 3-cells has not
been extensively explored. The present study aimed to clarify
the association between PDHA 1 and diabetes, assess the effect
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of PDHA1 on f-cell morphology and function, and elucidate
the possible mechanism guiding PDHA1 action. The present
study may provide a new theoretical framework to explain
diabetes development and proposes a potential molecular
target for the treatment of this disorder.

Materials and methods

Animals. B6.Cg-Tg (Insl-cre/ERT) 1 Iphi/J mice
(cat. no. 024709; hereafter referred to as Ins-cre™ mice) and
B6.129P2-Pdhaltm1Ptl/J mice (cat. no. 017443; hereafter
referred to as PDHA 1flox/floxmice) were obtained from
the Jackson Laboratory (n=4/group, 2 males and 2 females,
~20 g/each). Then, 5 db/db mice and 5 C57BL/6 mice were
provided by the animal laboratory of the Southern Medical
University (Guangzhou, China). All mice were given food and
water ad libitum, housed in a clean laminar animal room at a
controlled indoor temperature of 20-25°C and a humidity of
40-70% with a 12-h light/dark cycle.

Cre-loxP system. Based on the principle of the Cre-loxP
system, PDHA1"1* mice were mated with Ins-cre*” mice
to obtain the F2 PDHA1%"*-Cre*" mouse generation. These
heterozygotes were further crossed with PDHA1"" Ins-cre*”
mice to produce PDHAI1MVx Ing-cre*” mice. Ins-cre
recombinase effectively eliminates the sequence between two
loxP sites. Moreover, the expression of Ins-cre recombinase
can be triggered by the simultaneous action of insulin and
exogenous tamoxifen (intraperitoneally injected tamoxifen
for 7 consecutive days, 50 mg/kg) in mouse islets. Therefore,
by controlling the time of exogenous tamoxifen injection, the
PDHAI gene could be specifically knocked out in the mouse
islets (33,34). Mice with Ins-cre*” genotypes were selected as
the negative control (NC) group, while mice of the same age
and gender with genotype PDHA1%Y1x Tns-cre* were the
knockout experimental (BKO) group.

Genotypic identification. Then, ~3-4 mm length of tail was
removed from the mouse with ophthalmic scissors and 100 pl
each of rat tail lysate A (0.5% SDS, 0.1 M NaCl, 0.05 M EDTA,
0.01 M Tris-HC1 pH 8.0 and protease K 100 g/ml) and B (NaOH
1 mmol/ml) added and then heated for 1 h. The supernatant
contained mouse DNA (34). DNA was used for genotyping
using PCR with mouse-specific primers (Table I) for the
PDHAI and Ins-cre genes. The reaction (20 ul total) contained
10 p1 PCR mix (2X Taq Plus Master Mix, Invitrogen; Thermo
Fisher Scientific, Inc.), 2 pl of each primer (primer concentra-
tion 10 M) and 2 ul template DNA. For Ins-cre amplification,
the PCR reaction conditions were as follows: 94°C for 2 min;
10 cycles of 94°C for 20 sec, 65°C for 15 sec and 68°Cf or
10 sec; 28 cycles of 94°C for 15 sec, 50°C for 15 sec and 72°C
for 10 sec; and 72°C for 2 min. For PDHAI amplification the
PCR conditions were as follows: 94°C for 2 min; 10 cycles of
94°C for 20 sec, 65°C for 15 sec, 68°C for 10 sec; 28 cycles of
94°C for 15 sec, 60°C for 15 sec and 72°C for 10 sec; and 72°C
for 2 min. The PCR products were separated using agarose gel
electrophoresis (2%; 6 pl/well). Image analysis was performed
using an Automatic Digital Gel Imaging System (Tanon 1600;
Tanon Science & Technology, Co.). Each experiment was
performed in triplicate.
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Table I. Primers used for genotyping.
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Primer name

Forward (5'-3")

Reverse (3'-5")

PDHA1
INS1-CRE
INS1-CRE internal positive control

AGCAGCCAGCACGGACTACT
AGCAGCCAGCACGGACTACT
CTAGGCCACAGAATTGAAAGATCT

GCAGCCAAACAGATTACACC
TGCGAACCTCATCACTCGT
GTAGGTGGAAATTCTAGCATCATCC

PDHAI1, pyruvate dehydrogenase E1-a subunit.

Hematoxylin and eosin (H&E) staining. Mice were intra-
peritoneally injected with pentobarbital sodium solution at
150 mg/kg, with death determined after cessation of breathing
for 2-3 min. When mice suffered pain and discomfort that
affected their quality of life, they were euthanized with pento-
barbital solution; this was set as the humane end point. The
pancreas was removed from the mice, weighed, fixed for 24 h
in 4% paraformaldehyde at 4°C and embedded in paraffin.
The pancreas was sliced into 4-ym thick sections and stained
with hematoxylin for 5 min at room temperature, alcohol
hydrochloric acid for 1 sec and eosin for 1 sec. The tissue was
dehydrated using graded ethanol, cleared in dimethylbenzene,
sealed and observed under an inverted fluorescence microscope
(IX53; Olympus Corporation, magnification, x200; 3 fields
analyzed per sample). Image-Pro Plus 5 (Media Cybernetics,
Inc.) was used to count cells and measure cell size.

Western blot analysis. Pancreas tissue was collected, weighed
and ground into a powder under liquid nitrogen. The samples
were mixed with RIPA lysis buffer [SO mM Tris (pH 7.4),
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate]. The
protein concentration was determined using the bicinchoninic
acid method. Samples (20 ul) were separated using 10%
SDS-PAGE, transferred to nitrocellulose membranes, then
blocked with 5% skimmed milk at room temperature, incu-
bated with the following primary antibodies for 14 h at 4°C:
PDHAT1 (1:1,000; cat. no. ab110334; Abcam) and GAPDH
(1:1,000; cat. no. ab9484; Abcam). Membranes were washed
three times with TBS with Tween 20 for 5 min each time and
incubated with an horseradish peroxidase (HRP)-conjugated
secondary antibody (1:500; cat. no. ab97023; Abcam) for 2 h at
room temperature. Chemiluminescence was performed using
Pierce™ Fast Western Blot ECL substrate (cat. no. 35055;
Thermo Fisher Scientific, Inc.). Protein bands were visual-
ized using the Odyssey Infrared Imaging System (LI-COR
Biosciences). The results were quantitatively analyzed using
Image-Pro Plus 6.0 software (Media Cybernetics, Inc.). The
experiments were repeated three times for each sample.

Immunohistochemistry. The tissue samples were cut into
3-4-umthick sections,dewaxing with xylene and hydration with
alcohol (xylenel 10 min, xylene2 10 min, 95,90, 80,70 and 50%
alcohol, each 5 min). Following permeabilization with 0.1%
Triton X-100 and 3% H,0,, blocking with normal goat serum
(cat. no. MP20008; Shanghai Yuanye Science & Technology)
at room temperature for 30, 30 and 60 min, respectively. The
slides were incubated with a primary antibody (PDHAI,
1:500; cat. no. ab110334; Abcam) at 4°C in a wet box for

14-16 h. Following this, the slides were washed with PBS for
3 min three times. A secondary HRP-conjugated antibody
(1:300, cat. no. ab97023; Abcam) was added dropwise to each
section, followed by incubation in a wet box at 37°C for 2 h.
After washing for 3 min three times with PBS, the DAB color
solution (OriGene Technologies, Inc.) was added, and tap water
was used to stop development. The slides were counterstained
with hematoxylin at room temperature for 3 min and washed
with tap water until a blue color developed. The slides were
observed and images were captured using a light microscope
(Zeiss AG). As a negative control the primary antibody was
substituted with PBS in parallel experiments.

Immunofluorescence. Tissue samples were cut into sections
and processed as aforementioned. Slides were incubated with
mouse anti-PDHAT1 (1:200; cat. no. ab110334; Abcam) and
rabbit anti-insulin (1:200; cat. no. ab63820; Abcam) overnight
at 4°C in a wet box. The slides were washed for 3 min three
times and incubated in the dark with the corresponding diluted
secondary antibodies [1:500; cat. no. ab150077 (Alexa Fluor®
488-conjugated goat anti-rabbit IgG) and ab150116 (Alexa
Fluor 594-conjugated goat anti-mouse IgG; Abcam) at 37°C
for 2 h. The secondary antibody solution was discarded and
the slides were washed three times. Slides were incubated
with DAPI (1drop: 1 ml, ~1 min at room temperature. Images
were captured under a laser confocal microscope and 5 visual
fields containing pancreatic islet cells were selected under a
the microscope (magnification, x400); the number of PDHA1
positive cells and total number of cells in each visual field were
counted by Image-Pro Plus 6.0 software (Media Cybernetics,
Inc.). The rate of PDHA1 positive cells in islet cells was
calculated.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA from the islets, liver and adipose tissues were extracted
using TRIzol (Vazyme). Absorbance at 260 and 280 nm (A260
and A280, respectively) was determined using an ultraviolet
spectrophotometer, and the ratio of the optical density (OD) at
these wavelengths (OD,,60/a250) Was 1.8-2.0. Complementary
DNA was reverse transcribed using Hiscript II Q RT SuperMix
for qPCR (Nanjing KeyGen Biotech Co., Ltd.), according to
the manufacturer's instructions in a final volume of 20 pl.
gPCR was performed using real-time PCR Master Mix
(SYBR Green; KGA1339-1 200T, Nanjing KeyGen Biotech
Co, Ltd.). The primers for PDHA1 were: Forward, 5'-GAG
CTGAGCAGCTGTGTAAC-3' and reverse, 5“TGCCAATCG
TTACAGGTATTACAG-3". GAPDH forward, 5'-ACCACA
GTCCATGCCATCAC-3' and reverse, 5-TCCACCACCCTG
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TTGCTGTA-3". The thermocycling conditions were: 95°C for
30 sec, 95°C 10 sec; followed by 45 cycles of 60°C for 30 sec,
72°C for 30 sec; 60°C for 60 sec and 95°C for 15 sec. The gene
expression was quantified with the 2-22°4 method (35). Data
were normalized to GAPDH mRNA levels. All reactions were
performed in triplicate.

Intraperitoneal glucose tolerance test (IPGTT) and intraperi-
toneal insulin tolerance test (IPITT). BKO and NC mice were
selected (5/group) of the same age (8 weeks) and weight. Their
body weight and fasting blood glucose levels were measured
every 2 weeks. The food intake and nutritional status of the
mice were also monitored. The mice were weighed and glucose
was administered intraperitoneally (1.5 g/kg body weight)
after 14 h fasting. Following this, blood samples (1-2 ul) were
collected through the tail vein at 0, 15,30, 60 and 120 min. The
glucose levels were measured using a glucometer (Accu-Chek
Active; Roche Diagnostics). At 1 week, the mice were fasted
for 4 h, weighed and injected intraperitoneally with insulin
(0.6 U/kg body weight). Blood samples (1-2 ul) were subse-
quently withdrawn from the tail vein at 0, 15, 30 and 60 min
for blood glucose measurements.

Insulin concentration measurement. Glucose solution (5%;
1.5 g/kg) was injected into mice that had been fasting for 14 h.
Blood samples (0.8-1 ml) were collected from the hearts of
mice under anesthesia. Blood was collected from the heart at
the moment of the injection or 30 min later, then euthanasia. The
serum was blood was allowed to settle and separate for 30 min
prior to centrifugation at 1,680 x g for 10 min, both at 4°C. An
insulin ELISA kit (cat. no. EZRMI-13K; EMD Millipore) was
used to measure the content of insulin in the mouse serum. Each
sample was analyzed in triplicate. The samples and reaction
solutions were added and mixed in the dark for 30 min. The OD
value was determined using a UV spectrophotometer. A stan-
dard curve was constructed and the corresponding conversion
of sample concentration was carried out.

Primary islet extraction. All experiments were repeated 3 times.
The mouse epidermis was disinfected with ethanol, and the
abdominal cavity was opened to allow isolation of the pancreatic
tissue. The pancreases were rinsed with pre-cooled PBS solution,
visible blood and nerves were removed and the pancreas was
placed in a pre-cooled petri dish. Collagenase P (0.3 mg) was
injected in each pancreas tissue. The tissue was then digested
at 37°C for 15 min. The digestion was terminated using pre-cooled
Hank's buffer (Gino Biomedical Technology Co., Ltd.), and after
centrifugation (430 x g; 30 sec, 4°C), the digested tissue was
filtered with a 40-mesh screen. Pancreatic islet cells (brown, cell
mass) were selected with a 10 pl pipette under stereomicroscope.
The selected islet cells used to extract RNA.

Statistical analysis. All experiments were repeated 3 times.
Statistical analysis was performed using GraphPad 5 (GraphPad
Software, Inc.), Image-Pro Plus 6.0 (Media Cybernetics, Inc.)
and SPSS 22 (IBM Corp). Paired t-tests and ANOVA followed
by a Bonferroni post-hoc analysis were used to determine
differences between the KO and NC mice. Data are presented
as the mean + SD. P<0.05 was considered to indicate a statisti-
cally significant difference.
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Results

PDHAI levels are lower in db/db mice. db/db mice are an
animal model of T2DM that exhibit elevated blood glucose
and insulin resistance in their adulthood (36). To investigate
the expression of PDHAL in diabetic mice, pancreas sections
of db/db mice and C57BL/6 mice were analyzed using
immunofluorescence. The cells that secreted insulin had
green fluorescence, while cells expressing PDHA1 exhibited
red fluorescence. The expression of PDHALI in the islets of
db/db mice was markedly downregulated compared with in
C57BL/6 mice (Fig. 1), which was consistent with histology
results showing that PDHA1 expression was decreased in
T2DM mammals (36,37).

Generation and validation of the BKO mouse model. To further
investigate the role of PDHALI in the pancreas, a BKO mouse
model was established. As the homozygous loss of PDHA1 may
be embryonically lethal (37,38), the Cre-loxP method was used
to generate mice with a pancreatic [3-cell-specific knockout of
PDHALI. Following the steps shown in Fig. 2, PDHA ] fox/flox
Ins-cre™ mice were obtained by crossing PDHA 1% Ins-cre*”
mice and PDHA1™"* mice.

PCR analysis of DNA prepared from tail snips of the male
knockout mice (4 weeks old) confirmed the recessiveness
of the PDHAI gene (303 bp fragment) and the dominance
of PDHA1 (380 bp fragment), as well as that of the Ins-cre
transgene (230 and 324 bp fragment; Fig. 3A). Subsequently,
tamoxifen (5 mg/ml) was injected to induce the removal of
the DNA between the loxP sites. PDHA1** Ins-cre*” mice
were designated as BKO mice, while the PDHA1*"* Ins-cre
mice from the same litter were referred to as NC mice. After
10 months of breeding, a total of 17 fKO mice were obtained,
which were bright black and showed excellent growth and
nutritional status.

RT-qPCR and western blotting was used to verify the effect
of PDHA1 knockout on the islets. RT-qPCR revealed that the
relative PDHA1 mRNA levels in the pancreas islets were
significantly reduced in the KO mice (P<0.001) compared
with the NC mice (Fig. 3B). Similar results were obtained in
the western blot analysis; the expression of the PDHAI protein
was significantly lower in the KO mice than in the NC mice
(P<0.001; Fig. 3C), indicating that the expression of PDHAI
was almost completely abolished in the pancreatic islets of
KO mice.

To exclude the possible effect of loxP sites on target gene
expression in other tissues or organs (14), the mRNA levels of
PDHAI in the liver and adipose tissue of KO and NC mice
were determined (Fig. 3B). The results showed no significant
difference in PDHAI1 expression in the liver and adipose
tissues between the groups. To observe the distribution of
PDHAT1 in the pancreas of KO and NC mice, immunohis-
tochemistry was performed (Fig. 3D). It was found that the
PDHALI protein was predominantly distributed in the gland
cells and the islets of the pancreas in the NC group; however,
in the BKO group there was almost no brown-red PDHA1
staining in the islets (P<0.001), indicating that the expres-
sion of PDHAI1 in the islets was significantly reduced. These
results indicated that the mouse model had been successfully
established.
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Figure 1. PDHA1 expression is reduced in db/db mice. Decreased expression of the PDHA1 protein in db/db mice. The nucleus is stained blue, PDHA1 is red
and INS is green. PDHAL, pyruvate dehydrogenase El-a subunit; INS, insulin; WT, wild-type.
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Figure 2. Scheme showing breeding of PDHA1%*x Tns-cre*” mice. PDHA1%¥1* mjce were mated with Ins-cre*” mice and then F2 PDHA1™" Ins-cre*"
mice generation was obtained. PDHA1™""* Ins-cre™ mice were generated by crossing PDHA 1" Ins-cre* mice with PDHA1%¥™* mice. Genotyping was
performed on 4-week-old mice using PCR. PDHAI, pyruvate dehydrogenase El-alpha subunit.

BKO mice exhibit impaired glucose, but not insulin,
tolerance. Age- and weight-matched KO and NC mice were
compared. There were no differences in hair, morphology
and nutritional status between the two groups (Fig. 4A). The
weight of the mice increased with time; however, there were
no significant differences between the two groups. Moreover,
there were no significant alterations in fasting blood glucose

levels (Fig. 4B). An IPGTT was performed in 8-week-old
mice (Fig. 4Ca) and 12-week-old mice (Fig. 4Cb). KO mice
were less tolerant to glucose than the NC group (Fig. 4Cb).
However, the IPITT values subsequently obtained showed
no difference between the groups (Fig. 4D), indicating that
the peripheral tissues of the KO mice had similar levels of
insulin sensitivity and showed no signs of insulin resistance
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Figure 3. Generation and validation of KO mouse model. (A) PCR genotyping results of PDHA1'"*"'*** mice and Ins-cre recombinase mice from DNA
obtained from tail samples of 4-week-old mice; b is PDHA1%x Ins-cre* and a is PDHA1%¥%* [ng-cre” mice; ¢, d and f wild type mice; e PDHA1%", and
¢ PDHA1*" Ins-cre*". (B) Reverse transcription-quantitative PCR analysis of (Ba) islets, (Bb) liver and (Bc) adipose tissue from the fKO and NC groups.
(C) PDHALI protein was extracted from the pancreas of two groups of mice and then measured by (Ca) western blotting and (Cb) gray value analysis of the
protein. (D) Immunohistochemical staining was performed to identify the effect of the PDHA1 gene in mouse pancreatic tissue. (Da) Immunohistochemical
staining (magnification, x400) was performed and (Db) the percentage of positive cells was calculated. The results show the mean + SD of 5 mice. Data are
expressed as the mean + SD. "P<0.01. BKO, mouse PDHA1 knockout in B-cells; NC, negative control; PDHALI, pyruvate dehydrogenase El-o subunit.

compared with the NC mice. This indicated that the cause
of hyperglycemia in the KO mice was not related to insulin
resistance in peripheral tissues, but instead was related to
cellular dysfunction.

Impaired glucose-stimulated insulin secretion in BKO mice.
To investigate the variation in the function of the B-cells
in knockout mice, serum insulin levels were measured at
different times after glucose stimulation. It was found that
serum insulin levels were significantly increased at 30 min
(3.5+0.52 ng/ml) after glucose injection in NC mice. However,
there was little change (0.78+0.26 ng/ml) in the levels of
insulin in the BKO mice after glucose challenge (Fig. SA).

This suggested that the impaired glucose tolerance in
PKO mice may be related to impaired insulin secretion by
B-cells. Considering that an abnormality in islet cells may
impair secretion from islets, islet paraffin sections from KO
mice were analyzed. H&E staining (Fig. 5B) showed that the
islets of the PKO mice were abnormally large compared with
those of the NC mice. Most islets in the control group were
tightly clustered and numerous, whereas those of the fKO
mice were distributed loosely with an increased volume. The
mean size of islets was significantly increased in KO mice
at 16 weeks compared with the NC mice (Fig. 5C). These
results suggested that PDHAI serves a significant role in the
development of pancreas islets and that without PDHAI, the
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Figure 4. BKO mice exhibit impaired glucose, but not insulin, tolerance. (A) The knockout mouse (left) and the control mouse (right). (Ba) Weight and
(BD) fasting blood glucose levels in male mice. (C) Intraperitoneal glucose tolerance test (Ca) before and (Cb) after injection with tamoxifen. (D) Intraperitoneal
insulin tolerance test results from 12-week-old male mice. Results are expressed as the mean + SD of 5 mice in all panels. “P<0.05, “P<0.01 vs. NC. BKO,
mouse PDHA1 knockout in f3-cells; NC, negative control; PDHA1, pyruvate dehydrogenase El-a subunit.

islet cells undergo significant changes in either morphology
or function.

Discussion

Diabetes is a condition that affects individuals worldwide
and can be caused by multiple factors, including hereditary,
environmental and lifestyle factors, and can severely and
negatively affect quality of life for patients (39). Interactions
between various genes and environmental factors result in
mutual causality, which can often aggravate symptoms (40,41).
A number of previous medical studies have attempted to

elucidate the effects of various factors on the growth and
development of B-cells and insulin secretion (42) in order to
explore the possible pathogenesis of diabetes.

The PDHAI gene, which encodes PDHAL, is located on
the short arm of the X chromosome (Xp22.12) and is ~17.5 kb
in length (43,44), and contains a conservative thiamine
diphosphate-binding region (2,44). PDH is a heterogeneous
tetramer, whose components are encoded by the PDHAI
and PDHB genes (26). The expression level of PDHAI is
the primary determinant of PDH activity (45,46). When
the activity of PDHAI is impaired, pyruvate can no longer
be metabolized into acetyl-CoA. This causes an increased
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Figure 5. Glucose-stimulated insulin secretion is impaired in KO mice.
(A) Level of glucose-stimulated insulin secretion was determined in vivo
in KO and NC mice. The results show the mean + SD from 3 mice.
(B) Representative images of hematoxylin and eosin staining of islets from
16-week-old NC and BKO mice. (C) Quantification of the size of the islets in
NC and BKO mice. “P<0.01. BKO, mouse PDHA1 knockout in (3-cells; NC,
negative control; PDHAL, pyruvate dehydrogenase.

flux in the production of acetyl-CoA from fats, amino acids
and proteins, subsequently affecting metabolic states, such
as fats and proteins, resulting in impaired cell growth and
function (45). Another pathway by which mitochondria can
be supplied with pyruvate is through pyruvate carboxylase
(PC) (47), which catalyzes the conversion of pyruvate to
oxaloacetic acid, which then either enters the TCA cycle or
is used in gluconeogenesis (48). The Cre/loxP recombinase
system is a conditional, inducible and spatiotemporal-specific
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gene targeting technology that is widely used in basic research
into gene function (49). In the present study, this technique
was used to construct a mouse model with an islet cell-specific
knockout of the PDHA1 gene using adult male mice by regu-
lating the injection time of tamoxifen. The expression levels of
the PDHA1 protein were determined in pancreas sections of
T2DM (db/db) and wild-type mice. The results of the present
study suggested an association between the PDHAI gene and
T2DM, which is consistent with previous studies (5,22,24).

To verify the causal relationship between changes in
PDHALI protein levels and the development of T2DM, the
Cre/loxP recombinase system was used (50,51) to construct
transgenic mice with a specific knockout of the PDHAI gene
in B-cells. This model was then used to further investigate the
role of PDHA1 in the development of T2DM by comparing the
phenotypes of mice in the fKO and NC groups.

Homozygous Ins-cre mice exhibit embryonic lethality, and
cannot survive and reproduce (34). Therefore, PDHA 1fox/flox
mice were bred with Cre*” mice and tail tissue samples from the
offspring were used to verify successful crossing. PDHA 1"
Ins-cre*” mice were then bred with PDHA 1" mice;
PDHA 111 Tng-cre*” mice were selected as the experimental
group. Subsequently, tissues and cells were evaluated via
RT-qPCR and western blot analysis. The experimental results
indicated that B-cell-specific PDHAI gene knockout mice had
been successfully established.

Knocking out the PDHA1 gene in the B-cells of adult male
mice did not significant alter the body weight, fasting blood
glucose, body shape or nutritional status between the BKO and
NC groups, which was consistent with the results of a study
by Srinivasan et al (52). However, the authors of this previous
study directly knocked out the PDHAI gene in specific islet
cells of embryos without tamoxifen induction, primarily
studied the gene in immature mice, and did not discuss the
morphology or phenotype of the KO mice cells.

In the present study, the relationship between the PDHAI
gene and T2DM in adult mice (8 weeks old) was assessed. As
the knockout affects only the 3-cells of the islets, other tissues
and organs may have compensated for the reduced expression
of the PDHAI gene. However, no differences in body weight
and fasting blood glucose were observed between the two
groups. It was found that the glucose tolerance of KO mice
was impaired compared with the control group, as determined
by the higher blood glucose levels after injection of a glucose
solution. The results of the present study suggested that the dele-
tion of PDHA affected the homeostasis of glucose metabolism
and the TCA cycle. Subsequent experiments should determine
the levels of acetyl-CoA and the fatty acid content, to verify
this conjecture.

To investigate whether the impaired homeostasis of glucose
metabolism is due to the effects of insulin resistance in periph-
eral tissues (including the liver, fat and skeletal muscles) or
the B-cells themselves, IPITT was performed. The results of
the IPITT indicated that the elevated blood glucose level was
associated with impaired islet function, not with peripheral
resistance. The hypothesis that $-cell insulin secretion was
functionally impaired was confirmed by ELISAs, contrary to
the results of Nicholls ez al (53). This discrepancy may be as a
result of the models used; the study by Nicholls et al (53) was
conducted at the cellular level and did not test insulin levels in
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animals. Furthermore, the previous study indirectly influenced
the activity of PDH through PDK and did not directly interfere
with the expression of PDH. Other studies have shown that
PDH regulates insulin secretion in vitro (20,45,54).

The islets of the fKO group were irregularly enlarged
with clear internal vacuoles, but no islet atrophy or necrosis
was observed. These results, together with those from the
glucose tolerance experiment, suggested that the morpholog-
ical changes seen in the cells may be due to a compensatory
increase in early diabetic islet cells, and an overall decrease
in insulin secretion. The present study suggested that the
PDHAI gene plays an important role in the maintenance
of B-cell status and insulin secretion in the islets, laying a
foundation for further studies into mitochondrial energy
metabolism.

The present study used knockout mice to verify the function
of PDH in 3-cells in adult mice, conducting for the first time, to
the best of our knowledge, a comprehensive islet function test
in knockout mice. Primary islet B-cells were extracted to allow
further functional and morphological analyses. In conclusion,
the present study successfully established the BKO model and
explored the association between PDH and the morphology,
and phenotype, of B-cells. The restoration of PDH expression
in the pancreas of diabetic animals and patients may have clin-
ically beneficial effects on -cell function. The mechanisms
responsible for the dysfunction of insulin secretion should be
further explored and could aid in the development of a novel
clinical therapy, providing new avenues for the diagnosis and
treatment of diabetes.
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