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Abstract: Type 1 diabetes (T1D) is caused by the destruction of β cells in pancreatic islets by autoim-
mune T cells. Islet transplantation has been established as an effective treatment for T1D. However,
the survival of islet grafts is often disrupted by recurrent autoimmunity. Alpha-lipoic acid (ALA)
has been reported to have immunomodulatory effects and, therefore, may have therapeutic po-
tential in the treatment of T1D. In this study, we investigated the therapeutic potential of ALA in
autoimmunity inhibition. We treated non-obese diabetic (NOD) mice with spontaneous diabetes and
islet-transplantation mice with ALA. The onset of diabetes was decreased and survival of the islet
grafts was extended. The populations of Th1 cells decreased, and regulatory T cells (Tregs) increased
in ALA-treated mice. The in vitro Treg differentiation was significantly increased by treatment with
ALA. The adoptive transfer of ALA-differentiated Tregs into NOD recipients improved the outcome
of the islet grafts. Our results showed that in vivo ALA treatment suppressed spontaneous diabetes
and autoimmune recurrence in NOD mice by inhibiting the Th1 immune response and inducing the
differentiation of Tregs. Our study also demonstrated the therapeutic potential of ALA in Treg-based
cell therapies and islet transplantation used in the treatment of T1D.

Keywords: α-lipoic acid; type 1 diabetes; non-obese diabetic mouse; regulatory T cells; islet trans-
plantation; Treg-based cell therapy
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1. Introduction

Autoimmune diabetes, formally referred to as type 1 diabetes (T1D), results from the
destruction of insulin-producing β cells in the islets of the pancreas and has been identified
as a T cell-mediated autoimmune disease [1]. The signs of T1D include hyperglycemia,
high urine glucose polyuria, polydipsia, weight loss, abdominal symptoms, headaches and
ketoacidosis. Chronic T1D also leads to many clinical complications including diabetic
retinopathy, nephropathy, neuropathy, and macrovascular disease [2].The development
of T1D is usually diagnosed in young patients; thus, this disease has also been termed
“juvenile-onset” or “childhood-onset” diabetes. T1D only exhibits 30–50% concordance in
monozygotic twins [3], thereby suggesting that both a genetic predisposition and environ-
mental factors contribute to the pathogenesis of the disease [4–6]. NOD murine models
have frequently been used for T1D studies. These mice have been bred to spontaneously
develop T cell-dependent β cell destruction that resembles human T1D especially in the
female NOD mice in which develop autoimmune diabetes around 80–90% at 40-weeks-old;
therefore, female NOD mice often serve as animal models for studies concerning T1D [7].

The classical therapeutic strategy for patients with T1D is the administration of insulin
injections to maintain normal levels of blood glucose. However, this approach is unable
to provide real-time blood-glucose modulation and is ineffective for maintaining stable
blood-glucose levels, which frequently leads to clinical complications [8]. Maintaining
stable glucose levels is important to prevent the development of secondary complications
that can result from T1D.

Islet transplantation has been reported as an effective strategy to achieve insulin inde-
pendence, normoglycemia, and long-term homeostasis of blood glucose in T1D patients [9].
Moreover, islet transplantation is relatively simple to administer, as it does not require
major surgical procedures. The procedure can be performed on an out-patient basis un-
der local anesthesia and can be repeated several times without major discomfort to the
patient [10]. Islet transplantation achieves nearly perfect blood-glucose monitoring and
modulation in T1D patients [9]. However, the islet grafts are often destroyed by allogeneic
graft rejection and autoimmune recurrence [11]. Autoreactive T cells harbor the memory
of the β cells and are responsible for this autoimmune recurrence. Islet grafts in NOD
mice have frequently experienced early graft failure because of the immediate destruction
of the graft prior to immunological graft rejection [12,13]. Young et al. demonstrated
that transplanted islet grafts in NOD mice were susceptible to recurrent autoimmunity as
well [14]. Previous studies reported that human islets from genetically identical twins [15]
or cadaver donors [16] had been destroyed by recurrent autoimmunity. Our previous study
also showed that transplanted syngeneic NOD islet grafts were destructed by autoimmune
recurrence in few days at NOD recipients [17]. Therefore, the development of a strategy to
suppress autoimmune recurrence is critical for successful islet transplantation in patients
with T1D.

Alpha-lipoic acid (ALA), also known as thioctic acid and 1,2 dithiolane-3-pentanoic
acid, is a fatty acid containing rings; it is a naturally generated substance existing in almost
all prokaryotic and eukaryotic cells and is also found in foods such as broccoli, spinach, and
tomatoes [18,19]. It is a critical regulator of energy metabolism in mitochondria [20]. The
physiologic function of ALA is as the co-factor of pyruvate dehydrogenase complex, which
catalyzes the oxidative decarboxylation of α-keto acids such as pyruvate, α-ketoglutarate,
or branched-chain α-keto acid [21]. Previous studies have demonstrated that ALA is also
a potent antioxidant capable of scavenging reactive oxygen species (ROS) and chelating
metal ions [22–24]. It is involved in the recycling of other cellular antioxidants including
vitamins C and E as well as glutathione (GSH) [25]. These reports indicated that ALA
exhibited a strong anti-oxidative effect. In addition to its anti-oxidative properties, it has
been reported to elicit a modulatory effect on the immune system. ALA has demonstrated
an anti-inflammatory effect in carrageenan-induced acute inflammation as well as in cotton
pellet-induced chronic inflammation [26], and it has also been shown to attenuate LPS-
induced monocyte activation and acute inflammatory responses [27]. Furthermore, other
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studies have suggested that ALA exhibited a modulatory effect in adoptive immunity.
ALA lessens Th1-mediated inflammation in LPS-induced uveitis by reducing the release of
Th1-related cytokines [28]. ALA prevented the development of experimental autoimmune
encephalomyelitis (EAE) in a murine model of human multiple sclerosis (MS), though
this effect was dose-dependent [29,30].Furthermore, in our previous study, ALA treatment
at 50 mg/kg by intraperitoneal injection (i.p.) at day 1, 3, 5, and 7 ameliorated EAE by
enhancing endogenous peroxisome-proliferator-activated receptor-γ [31]. ALA was also
shown to inhibit T cell migration by suppressing the expression of ICAM-1 and VCAM-1 in
endothelial cells in the central nervous system [32]. A recent study also demonstrated that
ALA protected mice from concanavalin A-induced hepatitis by modulating the cytokine
secretion and reducing ROS generation [33]. These reports indicated that ALA possesses
anti-inflammatory and immunomodulatory effects, and these effects may be useful in the
suppression of immune responses involved in autoimmunity as well as in allograft rejection.

Given these immunomodulation and anti-inflammatory effects, we further investi-
gated whether ALA treatment could prevent the onset of spontaneous diabetes and prolong
the survival of islet grafts in syngeneic and allogeneic islet-transplantation models.

2. Results
2.1. ALA Treatment Delayed the Onset of Autoimmune Diabetes

To evaluate the protective effect of ALA in autoimmune diabetes, thirty 4-weeks-old
female NOD mice were treated with phosphate-buffered saline (PBS) or ALA (50 mg/kg)
at two-day intervals for 4 weeks (from 4-weeks-old to 8-weeks-old). The incidence of
spontaneous autoimmune diabetes was significantly lower, and the onset of disease was
delayed in the ALA-treated group (Figure. 1A). Histological examination was performed
to assess the effect of ALA treatment in the severity of insulitis. The percentage of severe
insulitis was lower in ALA-treated NOD mice, as compared to the PBS-treated controls. In
contrast, the percentage of intact islets was higher in the ALA-treated NOD mice (Figure 1B).
The percentage of the insulitis degree in each stage and the number of counted islets are
shown in Table 1. To confirm that the infiltration of leukocytes was decreased in the
pancreatic islet of ALA-treated NOD mice, immunofluorescence assay (IFA) was performed
to evaluate the infiltration of leukocytes. More leukocytes were infiltrated in the islet of
PBS-treated NOD mice, as compared to the ALA-treated NOD mice (32 CD45 positive cells
in PBS group vs. 2 CD45 positive cells in ALA group) (Figure 2). To evaluate whether ALA
treatment affected the metabolism of blood glucose, an intraperitoneal glucose tolerance
test (IPGTT) assay was performed for 6-weeks-old female NOD mice. There were no
significant differences in the metabolism of blood glucose between the PBS-treated and
ALA-treated mice according to the IPGTT assay (Figure 1C). The area under the curve
(AUC) in the IPGTT assay also showed no significant difference between the PBS-treated
and ALA-treated groups (Figure 1D). To investigate whether ALA treatment affected
insulin production in the islets, we examined the insulin secretion in the islets that had been
isolated from both the PBS-treated and ALA-treated mice. The stimulation index exhibited
no significant differences between these two groups (Figure 1E). These results indicated
that ALA treatment had effectively delayed the onset of autoimmune diabetes as well as
the infiltration of leukocytes to the islets. Moreover, ALA treatment had not altered the
production of insulin in the islets.
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Figure 1. ALA treatment delayed spontaneous diabetic frequency in NOD mice. (A) Spontaneous 
diabetes in PBS-treat and ALA-treated NOD mice was monitored via weekly measurements of gly-
cosuria. Diabetic frequency was significantly reduced in the ALA-treated group (p = 0.0033). (B) The 
severity of insulitis in PBS-treated or ALA-treated NOD mice was assessed by histological assay. 
The percentage of severe insulitis was lower in ALA-treated NOD mice, as compared to PBS-treated 
controls. (C) There were no significant differences in the metabolism of blood glucose between the 
PBS-treated and ALA-treated mice (n = 4; p = 0.8247 at 0 min, p = 0.2761 at 15 min, p = 0.0992 at 30 
min, p = 0.5590 at 60 min, p = 0.0565 at 90 min, p = 0.1016 at 120 min) according to the IPGTT assay. 
(D) The area under the curve in the IPGTT assay also showed no significant differences between 
PBS-treated and ALA-treated groups. Data are expressed as means ± SEM (n = 4, p = 0.1603). (E) 
Islets isolated from PBS-treated and ALA-treated mice were stimulated with 2.8 mM or 16.7 mM 
glucose for 1 hr. The stimulation index was calculated by the ratio of insulin secreted at 16.7 and 2.8 
mM glucose. The results showed no significant differences between PBS-treated and ALA-treated 
groups (p = 0.9714). Data are expressed as means ± SEM (n = 3, ** p < 0.01). 

Table 1. The percentages of the degree of insulitis in each stage. 

Stage of Insulitis % of PBS Number % of ALA Number 
Intact islet 6% 5 11% 11 

Peri-insulitis 25% 23 33% 33 
Intra-insulitis 19% 17 22% 22 

Severe insulitis 20% 18 4% 4 
Destructive insulitis 30% 27 30% 30 

Figure 1. ALA treatment delayed spontaneous diabetic frequency in NOD mice. (A) Spontaneous
diabetes in PBS-treat and ALA-treated NOD mice was monitored via weekly measurements of
glycosuria. Diabetic frequency was significantly reduced in the ALA-treated group (p = 0.0033).
(B) The severity of insulitis in PBS-treated or ALA-treated NOD mice was assessed by histological
assay. The percentage of severe insulitis was lower in ALA-treated NOD mice, as compared to
PBS-treated controls. (C) There were no significant differences in the metabolism of blood glucose
between the PBS-treated and ALA-treated mice (n = 4; p = 0.8247 at 0 min, p = 0.2761 at 15 min,
p = 0.0992 at 30 min, p = 0.5590 at 60 min, p = 0.0565 at 90 min, p = 0.1016 at 120 min) according to the
IPGTT assay. (D) The area under the curve in the IPGTT assay also showed no significant differences
between PBS-treated and ALA-treated groups. Data are expressed as means ± SEM (n = 4, p = 0.1603).
(E) Islets isolated from PBS-treated and ALA-treated mice were stimulated with 2.8 mM or 16.7 mM
glucose for 1 hr. The stimulation index was calculated by the ratio of insulin secreted at 16.7 and
2.8 mM glucose. The results showed no significant differences between PBS-treated and ALA-treated
groups (p = 0.9714). Data are expressed as means ± SEM (n = 3, ** p < 0.01).

Table 1. The percentages of the degree of insulitis in each stage.

Stage of Insulitis % of PBS Number % of ALA Number

Intact islet 6% 5 11% 11
Peri-insulitis 25% 23 33% 33
Intra-insulitis 19% 17 22% 22

Severe insulitis 20% 18 4% 4
Destructive insulitis 30% 27 30% 30
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Figure 2. ALA treatment reduced the infiltration of leukocytes in the islet of NOD mice. Pancreas 
was harvested from 8-weeks-old NOD mice treated with PBS or ALA and embedded in paraffin. 
The pancreas-section slides were stained with antibodies against CD45 (Bright Green) and Glut-2 
(Blue). The cell nucleus was counterstained with PI (Red). The slides were observed by a confocal 
microscope. White arrows indicated the presence of leukocytes (the signal of CD45). The infiltration 
of leukocytes was lesser in the islets of ALA-treated NOD mice when compared to PBS-treated mice 
(32 CD45 positive cells in PBS group vs. 2 CD45 positive cells in ALA group). 

2.2. ALA Treatment Prolonged the Survival of Syngeneic and Allogeneic Islet Grafts after Islet 
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To investigate whether ALA treatment protects β cells from autoimmune recurrence 
in islet transplantation, we performed syngeneic islet transplantation for diabetic NOD 
recipients. First, we isolated the islets from the male NOD mice (age: <8 weeks) and im-
planted these islets into the left kidney capsules of the newly diabetic female NOD recip-
ients (Figure 3A). Next, the NOD recipients were treated with ALA (50 mg/kg/day) once 
per day. The treatment was initiated at one day prior to islet transplantation (day −1). The 
entire treatment process was carried out until day 7 post islet transplantation (from day 
−1 to day 7) (Figure 3B). The survival of the syngeneic islet graft was significantly extended 
in the ALA-treated recipients, as compared to the PBS-treated controls (Figure 3C). The 
mean graft survival time was 7.89 days in the PBS-treated recipients. In contrast, the mean 
graft survival time of the islet grafts in the ALA-treated recipients was 16.14 days (Table 
2). To investigate whether ALA treatment also exhibited a protective effect in allogeneic 
islet transplantation, allogeneic islets were isolated from male Balb/c mice (age < 8 weeks) 
and then implanted into the left kidney capsules of newly diabetic female NOD recipients 
(Figure 3A). The NOD recipients were also treated with ALA (50 mg/kg/day) once per 
day. The treatment was initiated at one day prior to islet transplantation (day −1). The 
entire treatment process was carried out until day 7 post islet transplantation (from day 
−1 to day 7) (Figure 3B). The survival of the allogeneic islet grafts was significantly ex-
tended in the ALA-treated recipients, as compared to the PBS-treated controls (Figure 3D). 
The mean graft survival time was 6.17 days in the PBS-treated recipients. In contrast, the 
mean graft survival time of the islet grafts in the ALA-treated recipients was 10.2 days 

Figure 2. ALA treatment reduced the infiltration of leukocytes in the islet of NOD mice. Pancreas
was harvested from 8-weeks-old NOD mice treated with PBS or ALA and embedded in paraffin.
The pancreas-section slides were stained with antibodies against CD45 (Bright Green) and Glut-2
(Blue). The cell nucleus was counterstained with PI (Red). The slides were observed by a confocal
microscope. White arrows indicated the presence of leukocytes (the signal of CD45). The infiltration
of leukocytes was lesser in the islets of ALA-treated NOD mice when compared to PBS-treated mice
(32 CD45 positive cells in PBS group vs. 2 CD45 positive cells in ALA group).

2.2. ALA Treatment Prolonged the Survival of Syngeneic and Allogeneic Islet Grafts after
Islet Transplantation

To investigate whether ALA treatment protects β cells from autoimmune recurrence
in islet transplantation, we performed syngeneic islet transplantation for diabetic NOD
recipients. First, we isolated the islets from the male NOD mice (age: <8 weeks) and
implanted these islets into the left kidney capsules of the newly diabetic female NOD
recipients (Figure 3A). Next, the NOD recipients were treated with ALA (50 mg/kg/day)
once per day. The treatment was initiated at one day prior to islet transplantation (day −1).
The entire treatment process was carried out until day 7 post islet transplantation (from day
−1 to day 7) (Figure 3B). The survival of the syngeneic islet graft was significantly extended
in the ALA-treated recipients, as compared to the PBS-treated controls (Figure 3C). The
mean graft survival time was 7.89 days in the PBS-treated recipients. In contrast, the mean
graft survival time of the islet grafts in the ALA-treated recipients was 16.14 days (Table 2).
To investigate whether ALA treatment also exhibited a protective effect in allogeneic islet
transplantation, allogeneic islets were isolated from male Balb/c mice (age < 8 weeks)
and then implanted into the left kidney capsules of newly diabetic female NOD recipients
(Figure 3A). The NOD recipients were also treated with ALA (50 mg/kg/day) once per day.
The treatment was initiated at one day prior to islet transplantation (day −1). The entire
treatment process was carried out until day 7 post islet transplantation (from day −1 to
day 7) (Figure 3B). The survival of the allogeneic islet grafts was significantly extended in
the ALA-treated recipients, as compared to the PBS-treated controls (Figure 3D). The mean
graft survival time was 6.17 days in the PBS-treated recipients. In contrast, the mean graft
survival time of the islet grafts in the ALA-treated recipients was 10.2 days (Table 3). These
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data indicated that ALA treatment extended the survival of islet grafts in both syngeneic
and allogeneic islet transplantations.
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24 h and measured the viability of NIT-1 cells by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay (MTT assay). We found that 100 μM H2O2 treatment signif-
icantly induced the death of NIT-1 cells (Figure S1A). Next, we added 10 μM, 50 μM, and 
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Figure 3. ALA treatment prolonged the survival of syngeneic and allogeneic islet grafts. (A) Isolated
islets from male NOD or Balb/c mice were transplanted into the kidney subcapsular space of newly
diabetic NOD recipients. (B) NOD recipients were also treated with ALA (50 mg/kg/day) once per
day in syngeneic and allogeneic islet transplantations. The treatment was initiated at one day prior
to islet transplantation (day −1). The entire treatment process was carried out until day 7 post islet
transplantation (from day −1 to day 7) (C) The survival of syngeneic islet grafts was significantly
extended in the ALA-treated NOD recipients (n = 10 in PBS vs. n = 7 in ALA, ** p = 0.0021). (D) The
survival of allogeneic islet grafts was significantly extended in the ALA-treated NOD recipients (n = 6
in PBS vs. n = 5 in ALA, ** p = 0.0029).
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Table 2. The survival time of syngeneic islet graft in the NOD recipients.

Group Individual Graft Survival Time (Days) Number Average Survival Time

PBS 4, 6, 6, 7, 8, 8, 10, 11, 11, 12 10 7.89
ALA 10, 10, 15, 15, 16, 23, 24 7 16.14

Table 3. The survival time of allogeneic islet graft in the NOD recipients.

Group Individual Graft Survival Time (Days) Number Average Survival Time

PBS 5, 5, 6, 6, 7, 8 6 6.17
ALA 8, 10, 10, 11, 12 5 10.2

Since ALA is an effective anti-oxidant, we also examined whether ALA protects
β cell from the damage of reactive oxidative species (ROS). We treated NIT-1 cells, a
pancreatic β cell line derived from NOD mouse [34], with various concentrations of H2O2
for 24 h and measured the viability of NIT-1 cells by 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay (MTT assay). We found that 100 µM H2O2 treatment
significantly induced the death of NIT-1 cells (Figure S1A). Next, we added 10 µM, 50 µM,
and 100 µM of ALA into 100 µM H2O2-treated NIT-1 cells and measured the cell viability
by MTT assay. Our results showed that ALA treatment did not provide a preventive effect
in the ROS-induced cell death (Figure S1B).

2.3. ALA Treatment Reduced the Secretion of Inflammatory Cytokines and Increased the Production
of Anti-Inflammatory Cytokines

To investigate the immune modulatory effect of ALA in NOD mice, we examined
the secretion of inflammatory and anti-inflammatory cytokines in the splenocytes of
the PBS-treated and ALA-treated NOD mice. The secretion of inflammatory cytokines,
such as interferon-γ (IFN-γ), tumor necrotic factor-α (TNF-α), interleukine-6 (IL-6) and
interleukine-17 (IL-17) (Figure 4A–D) was reduced in the ALA-treated mice. In contrast, the
production of anti-inflammatory cytokines interleukin-10 (IL-10) and transforming growth
factor-β (TGF-β) was increased in ALA-treated NOD mice, as compared to PBS-treated
controls (Figure 4E,F). These results indicated that ALA treatment reduced the production
of inflammatory cytokines and increased the production of anti-inflammatory cytokines.

2.4. ALA Treatment Decreased the Population of Th1 Cells and Increased the Population of Tregs
and IL-10-Producing CD4 T Cells

To further investigate the immune modulatory effect of ALA in the immune system of
NOD mice, we examined the population of IFN-γ-producing CD4 T cells, as Th1 cells, in the
spleen and pancreatic lymph nodes of the PBS-treated and ALA-treated NOD mice by flow
cytometry (Figure 5A). The percentage of splenic and pancreatic lymph node Th1 cells was
decreased in ALA-treated NOD mice, as compared to PBS-treated controls (Figure 5B,C).
To investigate the effect of ALA in the regulatory T cell subsets, we analyzed the population
of Tregs and IL-10-producing CD4 T cells in the spleens of NOD mice (Figure 5D). The
percentages of both Tregs and IL-10-producing CD4 T cells were increased in the spleens
of ALA-treated NOD mice, as compared to the PBS-treated controls (Figure 5E,F). We
also investigated the modulatory effects of ALA in the Th1 cell populations of the NOD
recipients. We analyzed the percentage of Th1 cells in the grafted sites of PBS-treated and
ALA-treated NOD recipients by flow cytometry (Figure 5G). The percentage of Th1 cells in
the grafted sites of ALA-treated NOD recipients was significantly decreased, as compared
to the PBS-treated recipients (Figure 5H). These data indicated that in vivo ALA treatment
encouraged the development of T cell subsets into regulatory T cells.
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secreted cytokines was measured by ELISA. The secretion of inflammatory cytokines (A) IFN-γ (** 
p = 0.0017), (B) TNF-α (** p = 0.0017), (C) IL-6 (* p = 0.0376) and (D) IL-17 was decreased in ALA-
treated groups (** p = 0.0016). The secretion of anti-inflammatory cytokines (E) TGF-β (* p = 0.0313) 
and (F) IL-10 (* p = 0.0111) was increased in ALA-treated mice. Data are expressed as means ± SEM 
(n = 5; * p < 0.05, ** p < 0.01). 
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Figure 4. ALA treatment modulates cytokine secretion. Splenocytes were isolated from PBS-treated
and ALA-treated NOD mice and stimulated with PMA and ionomycin. Culture medium containing
secreted cytokines was measured by ELISA. The secretion of inflammatory cytokines (A) IFN-γ
(** p = 0.0017), (B) TNF-α (** p = 0.0017), (C) IL-6 (* p = 0.0376) and (D) IL-17 was decreased in ALA-
treated groups (** p = 0.0016). The secretion of anti-inflammatory cytokines (E) TGF-β (* p = 0.0313)
and (F) IL-10 (* p = 0.0111) was increased in ALA-treated mice. Data are expressed as means ± SEM
(n = 5; * p < 0.05, ** p < 0.01).

2.5. In Vitro ALA Treatment Induces the Differentiation of Tregs from the Naïve CD4 T Cells

To investigate whether in vitro ALA treatment promotes the differentiation of Tregs
from the naïve CD4 T cells, we isolated naïve CD4 T cells from the female NOD splenocytes
and incubated these cells in an anti-CD3 antibody-coated plate and induced Treg differ-
entiation by adding IL-2 and TGF-β with either PBS or different concentrations of ALA
(10, 50, or 100 µM). We found that ALA treatment enhanced the differentiation efficiency
of the Tregs (Figure 6A,B). To investigate whether the promotion of Treg differentiation
by ALA was a result of enhanced phosphorylation of signal transducer and activator of
transcription 5 (STAT5), Western blotting was performed to evaluated the status of the
STAT5 phosphorylation of STAT5 in the in vitro Treg differentiation. Our results indi-
cated that ALA treatment enhanced the phosphorylation of STAT5 in the process of Treg
differentiation (Figure 6C,D).
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Figure 5. ALA treatment modulates the development of T cell subsets. NOD mice were treated
with PBS or ALA. Lymphocytes isolated from spleens (SPs) of pancreatic lymph nodes (PLNs) of
PBS-treated and ALA-treated NOD mice were stimulated with PMA plus ionomycin and monensin,
and then fixed; permeabilized cells were stained with antibodies. The populations of T cell subsets
were analyzed by flow cytometry. (A) Representative plots of the populations of Th1 cells in the
spleens or PLNs of PBS-treated and ALA-treated NOD mice. (B) The percentage of splenic Th1 cells
was significantly decreased in ALA-treated mice, as compared to the PBS-treated controls (n = 7,
* p = 0.0111). (C) The percentage of Th1 cells in the PLNs was significantly decreased in ALA-treated
mice, as compared to the PBS-treated controls (n = 6, *** p = 0.0005). (D) Representative plots of splenic
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Tregs and IL-10-producing CD4 T cells in PBS-treated and ALA-treated NOD mice. (E) The percentage
of splenic Tregs was significantly increased in ALA-treated NOD mice, as compared to PBS-treated
controls (n = 7, * p = 0.0445). (F) The percentage of IL-10-producing CD4 T cells in the spleen was
significantly increased in ALA-treated NOD mice, as compared to the PBS-treated controls (n = 7,
* p = 0.0418). (G) Representative plots of the populations of IFN-γ-producing CD4 T cells in the
grafted sites of PBS-treated and ALA-treated NOD recipients. (H) The percentage of IFN-γ-producing
CD4 T cells in the grafted sites of ALA-treated NOD recipients was significantly reduced, as compared
to PBS-treated recipients (n = 6, *** p = 0.0003). Data are expressed as means ± SEM. (* p < 0.05,
*** p < 0.001).
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Figure 6. ALA treatment enhances in vitro Treg differentiation. Naïve CD4 T cells were isolated from
female NOD mice and then cultured in anti-CD3 antibody coated (1 µg/mL) plate and combined
with anti-CD28 antibody (1 µg/mL) plus human IL-2 cytokine (5 ng/mL) and TGF-β (5 ng/mL) with
either PBS or different concentrations of ALA (10 µM, 50 µM, or 100 µM). (A) Representative plots of
flow cytometry of in vitro Treg differentiation with or without ALA treatment. (B) The percentage
of Tregs was significantly increased in the stimulation medium that contained ALA (n = 3; 0 µM
vs. 10 µM p = 0.0004, vs. 50 µM p = 0.0002, vs. 100 µM p = 0.0017). (C) Representative figure of
Western blot test of STAT5 and phosphorylated-STAT5 (p-STAT5). Alpha-tubulin was used as internal
control. (D) The ratio between p-STAT5 and total STAT5 after normalization with α-tubulin. The
ratio between p-STAT5 and total STAT5 was significantly increased in the stimulation medium that
contained ALA (n = 3; 0 µM vs. 10 µM p = 0.0189, vs. 50 µM p = 0.0032, vs. 100 µM p = 0.0129). Data
are expressed as means ± SEM. (* p < 0.05, ** p < 0.01, *** p < 0.001).
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2.6. Adoptive Transfer of ALA-Enhanced In Vitro Differentiated Tregs Exhibited a Better Protective
Effect Than the Cells without ALA Treatment

Naïve CD4 T cells were isolated from the splenocytes of the female NOD mice. The
naïve CD4 T cells were cultured under in vitro Treg differentiation conditions with either
PBS or 50 µM of ALA. We adoptively transferred 1 × 106 differentiated Tregs at day 1 and
day 3 post-islet transplantation (Figure 7A). Islet survival was significantly extended in the
ALA-treated cell-transferred groups, as compared to the PBS-treated cell-transferred group
(Figure 7B). Immunohistochemical assays showed more insulin-producing islets in the
ALA-treated cell-transferred recipients (Figure 7C). The individual islet graft survival time
is presented in Table 4. These results indicated that the adoptive transfer of ALA-enhanced
differentiated Tregs into NOD recipients exhibited a protective effect for the islet grafts.
Our data showed that the adoptive transfer of in vitro ALA-enhanced differentiated Tregs
exhibited a protective benefit, indicating its potential in Treg-based cell therapy in islet
transplantation for type 1 diabetes patients.
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Figure 7. The adoptive transfer of ALA-enhanced differentiated Tregs and its impact on the islet graft
survival in syngeneic islet transplantation. (A) Naïve CD4 T cells were isolated from the splenocytes
of female NOD mice. The naïve CD4 T cells were cultured under stimulation condition with PBS or
50 µM of ALA. A total of 1 × 106 PBS-treated and ALA-treated cells were collected and adoptively
transferred into the NOD mice at day 1 and day 3 post-islet transplantation. (B) The islet graft survival
was significantly extended in the ALA-treated group (n = 7, * p < 0.05), as compared to the PBS-treated
group (n = 5, * p = 0.0107). (C) The secretion of insulin was assessed by immunohistochemical
staining. Red arrow indicates the insulin staining in the PBS-treated group and the ALA-treated
Treg-transferred NOD recipients.
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Table 4. The survival time of islet grafts in PBS- or ALA-treated cell transferred NOD recipients.

Group Individual Graft Survival Time (Days) Number Average Survival Time

PBS 6, 6, 7, 8, 8 5 7
ALA 7, 8, 10, 12, 14, 16, 24 7 13

3. Discussion

T1D is an autoimmune disease caused by the destruction of islet β cells by autore-
active T cells [1]. However, most T1D patients are diagnosed after diabetes onset. Islet
transplantation has been used as an effective therapy for T1D [10] due to its lower cost as
well as being a safer option, as compared to the pancreatic transplantation [9,35]. Recurrent
autoimmunity plays a leading role in islet-graft destruction and impairs the survival of islet
grafts in human islet transplantation. Moreover, the destruction of grafts by autoimmune
recurrence often takes place earlier than that of allogeneic graft rejection [11,36]. Therefore,
it is important to overcome recurrent autoimmunity for both syngeneic and allogeneic
islet transplantation.

ALA is an organic compound produced in plants, animals, and humans in nature.
It acts in the Krebs cycle, plays important roles in various chemical reactions, and serves
as a cofactor of some enzymatic complexes that involved in energy generation for the
cell [37]. ALA was shown to be beneficial against mild-to-moderate diabetic sensorimotor
polyneuropathy [38]. The studies in animal models have shown that ALA also exhibits
immune modulatory effects [39]. In this study, we investigated the preventive effect
of ALA treatment in the onset of spontaneous diabetes and the inhibitory role of the
autoimmune recurrence in islet graft rejection. To our knowledge, this may be the first
study demonstrating showing that ALA treatment effectively suppressed the onset of
autoimmune diabetes and extended the survival of islet grafts. Our results also showed
that ALA treatment reduced the population of Th1 cells in the spleen and pancreatic lymph
node of NOD mice. Furthermore, this treatment increased the percentages of Tregs and
IL-10-producing CD4 T (T regulatory 1, Tr1) cells in the splenocytes, thereby suggesting that
ALA promoted increased generation of Tregs and Tr1 cells. The increase in the population
of Tregs may explain the suppressive effect of ALA on the population of Th1 cells as well
as in the production of IFN-γ.

In addition, we found that ALA treatment enhanced the differentiation of Tregs from
naïve CD4 T cells, thereby demonstrating an enhancing effect of ALA in the production
of Tregs. Therefore, we further investigated the underlying mechanisms involved in
the enhancement of Treg differentiation by ALA. A previous study reported that the
STAT5 signaling pathway may be required for the development of Tregs [40], and another
study also demonstrated that STAT5 polarization promoted Treg generation [41]. These
results highlight the importance of the STAT5 signaling pathway in the production of
Tregs. Therefore, we examined whether ALA-promoted Treg differentiation was a result
of enhanced activation of the STAT5 signaling pathway. The levels of STAT5 protein and
phosphorylated STAT5 had indeed increased following ALA treatment, which indicated
that ALA may promote differentiation of Tregs via enhanced activation of the STAT5
signaling pathway.

The adoptive transfer of in vitro differentiated Tregs has been used to treat autoim-
mune or inflammatory diseases in other animal models. In systemic lupus erythematosus
(SLE) murine models, the adoptive transfer of ex vivo-expanded Tregs delayed the onset of
renal complications and extended survival [42,43]. Tregs have effectively inhibited both the
proliferation of myelin oligodendrocyte glycoprotein (MOG)-specific Th1 cells and their
production of cytokines, and the adoptive transfer of Tregs conferred significant protection
from the impact of EAE [44]. The expansion of myelin-reactive Tregs prevented disease
relapse when it occurred after the onset of clinical EAE [45]. Our previous study also
demonstrated that the adoptive transfer of Tregs suppressed the formation of encapsulated
peritoneal sclerosis in a murine model [46]. The results of this study demonstrated that
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in vitro ALA treatment enhanced the differentiation of Tregs and the adoptive transfer of
these Tregs extended the survival of islet grafts in the NOD recipients.

In clinical settings, Treg-based cell therapies are currently undergoing clinical trials
for the treatment of autoimmune diseases and transplant rejection [47]. Phase I and II
clinical trials of polyclonal Treg therapy in T1D and other autoimmune diseases have
shown that this therapy can be safe and effective [48]. A phase I clinical trial of polyclonal
Treg infusion for six individuals showed no infusion reactions or high-grade cell-therapy–
related adverse events [49], which suggested that Treg-based cell therapy could be safely
administered in humans. Another clinical trial involving children with T1D showed that
the adoptive transfer of polyclonal, autologous Tregs extended the survival of pancreatic
islets for one year [50]. One of the major challenges for this therapy has been how to
more effectively induce the differentiation of Tregs from naïve CD4 T cells or peripheral
leukocytes in vitro [47]. The results of our study demonstrated that ALA does enhance the
in vitro differentiation of Tregs from splenocytes and that these cells exhibited a protective
effect for islet grafts in islet transplantation. Our data provided the preclinical evidence for
the application of ALA in Treg-based cell therapy for T1D in islet transplantation.

4. Materials and Methods
4.1. Animal Model

The NOD/ShiLtJ strain, commonly called NOD mice, is a polygenic model for au-
toimmune type 1 diabetes. It was purchased from Jackson Laboratory (Bar Harbor, ME,
USA) and subsequently bred at the animal center of the National Defense Medical Center
in Taipei, Taiwan, under specific pathogen-free conditions. Balb/c mice were purchased
from the National Laboratory Animal Center in Taipei, Taiwan.

4.2. Preparation of ALA Solution and In Vivo Treatment of ALA

ALA in powder form was obtained from Sigma (Sigma-Aldrich, St Louis, MO, USA),
stored at room temperature and dissolved in 1 N sodium hydroxide before use. This
solution was titrated with 2 M HCl to a pH of 7.2 and an approximate salt concentration
of 0.9% (w/v). All solutions of ALA were sterile filtered. The mice were administered
ALA that was freshly diluted in sterile phosphate-buffered saline (PBS) (Sigma-Aldrich)
(1 mg/100 µL/mouse/i.p. injection, equivalent to 50 mg/kg/mouse/i.p. injection). The
treatment dosage was based on our previous study in the treatment of EAE [31]. The
control mice were injected with an equal volume of PBS at the same time points.

4.3. Islet Isolation and Transplantation

Diabetic NOD females with blood-glucose concentrations 300–500 mg/dL for two
consecutive days were selected as recipients, and NOD male mice aged 5–8 weeks were
used as islet donors. Islets were purified from 6-week-old male NOD mice (it is easier
to acquire sufficient number of intact islets) using the collagenase-digesting method as
described previously in [51]. Collagenase buffer was prepared with Hank’s balanced salt
solution containing 1.5 mg/mL collagenase (Sigma-Aldrich) and injected into the pancreas
via a common bile duct. The pancreas was digested in a 37 ◦C water bath for 20 min, and
then the islets were separated according to a density gradient using a Histopaque 1077-1
(Sigma-Aldrich). Islets with a diameter between 75 µm and 250 µm were handpicked
using a dissecting microscope. Finally, we collected a total of approximately 650 islets that
were then implanted into the left renal capsules of newly diabetic NOD female mice with
blood glucose concentrations of 300–500 mg/dL. For allogenic transplantation, islets were
purified from 6-week-old male Balb/c mice and transplanted into the left renal capsules of
newly diabetic NOD female mice.

4.4. Urine Glucose and Blood Glucose Monitoring and Assessment of Insulitis

Urine glucose concentrations (glycosuria) were measured weekly using Chemstrips
(Boehringer Mannheim, Indianapolis, IN, USA). Mice with urine glucose concentration
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>27.75 mmol/L on two consecutive tests were defined as diabetic. Blood glucose concentra-
tions were monitored daily by Roche ACCU-CHEK (Roche Ltd., Basel, Switzerland) after
islet transplantation. Graft rejection and loss of function were defined as blood glucose
levels higher than 300 mg/dL for two consecutive days. For the assessment of insulitis, pan-
creatic tissues were obtained from 14-week-old PBS-treated or ALA-treated NOD mice and
the severity of insulitis was scored on haematoxylin–eosin stained sections (Sigma-Aldrich)
and classified as described [52]. The degree of insulitis in the pancreas was evaluated by
scoring 15–30 islets/mouse in a blinded fashion according the following criteria: intact islet:
no mononuclear cell infiltration; peri-insulitis: mononuclear cell infiltration in <25%; intra-
insulitis: mononuclear cell infiltration in 25–50% of the islet; severe insulitis: mononuclear
cell infiltration in 50–75% of the islet; destructive insulitis: >75% of the islet was infiltrated.

4.5. Naïve CD4 T Cell Sorting

Naïve CD4 T cells were harvested and sorted from the spleen of the NOD mice by
magnetic cell-separation beads. The BD IMagTM Mouse CD4 T Lymphocyte Enrichment
Set-DM (BD Biosciences, San Jose, CA, USA) was used for the negative selection of the
CD4 T lymphocyte by removing non-CD4 T cells from splenocytes. Cells were then re-
suspended at a concentration of 1 × 106 cells/mL in RPMI1640 medium (Gibco, Amarillo,
TX, USA) supplemented with 10% fetal bovine serum and 1% penicillin (Sigma-Aldrich)
and streptomycin (Sigma-Aldrich). For the isolation of naïve CD4 T cells, the selected CD4
T cells were placed in biotinylated mouse CD4 T lymphocyte antibody (BD Biosciences) and
2 µL biotinylated anti-CD25 antibody (BD Biosciences) and then incubated for 15 min. After
being washed with the medium, 5 µL streptavidin particles were added into the tube for
30 min and refrigerated at 4 ◦C. The cells were then placed on the magnetic cell-separation
platform for 8 min; this process was repeated three times. The positive fractions of the cells
were isolated as naïve CD4 T cell.

4.6. In Vitro Treg Differentiation

Naïve CD4 T cells were harvested and sorted from the splenocytes of female NOD
mice and then cultured for 3 days in anti-CD3 antibody-coated (1 µg/mL) (BD Biosciences)
plate, to which anti-CD28 antibody (1 µg/mL) (BD Biosciences) plus human IL-2 cytokine
(5 ng/mL) (PeproTech, Inc., East Windsor, NJ, USA) and TGF-β (5 ng/mL) (PeproTech,
Inc.) with either PBS or different concentrations of ALA (10 µM, 50 µM, and 100 µM) were
added. CD4+CD25+Foxp3+ cells were then measured from these PBS- or ALA-treated naïve
CD4+ T cells by flow cytometry.

4.7. Flow Cytometry

Lymphocytes were harvested from spleen, pancreatic lymph nodes or islet grafts. For
Foxp3 staining, 1 × 106 cells were first stained with 2 µg/mL allophycocyanin (APC)-
conjugated anti-mouse CD4 (clone GK1.5) (eBioscience Inc., San Diego, CA, USA), phy-
coerythrin (PE)-conjugated anti-mouse CD25 (clone PC61) (eBioscience Inc.) in 100 µL of
flow buffer for 30 min at 4 ◦C, and then fixed and permeabilized overnight with 1 mL
Fixation/Permeabilization working solution (eBioscience Inc.). After fixation and permeabi-
lization, the cells were stained with 5 µg/mL fluorescein isothiocyanate (FITC)-conjugated
anti-Foxp3 (clone FJK-16S) (eBioscience Inc.) in 100 µL permeabilization buffer. For in-
tracellular cytokine staining, the cells were stimulated for 4–6 h with 20 ng/mL phorbol
12-myristate 13-acetate (PMA) (Sigma-Aldrich), 1 µM ionomycin (Sigma-Aldrich), and
4 µM monensin (BD Biosciences). The 1 × 106 stimulated cells were stained with 2 µg/mL
antibody to surface CD4-APC in 100 µL of flow buffer on ice for 25–30 min (in the dark),
and washed with 1 mL of FACS buffer (PBS containing 0.5% FBS). After being washed, the
cells were fixed overnight with 0.2 mL of IC Fixation Buffer (eBioscience Inc.). The cells
were then stained with 5 µg/mL anti-mouse IL-10-PE, IFN-γ –FITC-conjugated antibodies
(eBioscience Inc.) on ice for 30 min in 100 µL permeabilization buffer. Flow cytometric
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analysis was performed with a FACS Calibur (BD Pharmingen, Franklin Lakes, Bergen, NJ,
USA) and FlowJo software 8.7.1 (Treestar, Ashland, OR, USA).

4.8. ELISA Detection of Cytokines

Splenocytes were isolated from PBS-treated and ALA-treated NOD mice, separately, and
stimulated with PMA and ionomycin for 6 hrs. Culture medium containing secreted cytokines
was measured by ELISA kit (eBioscience Inc.) according to the manufacturer’s instructions.

4.9. Adoptive Transfer of Regulatory T Cells

The 1 × 106 differentiated Tregs were adoptively transferred into the diabetic NOD
mice after islet transplantation by intraperitoneal (i.p.) injection. This protocol was followed
according to our previous studies [46,53].

4.10. Protein Extraction and Western Blot

The protein samples were extracted from the splenocytes of the NOD mice that were
incubated in anti-CD3 antibody-coated (1 µg/mL) (BD Biosciences) plate and added with
anti-CD28 antibody (1 µg/mL) (BD Biosciences) plus human IL-2 cytokine (5 ng/mL) and
TGF-β (5 ng/mL) with either PBS or different concentrations of ALA (10 µM, 50 µM or
100 µM) by using the PROPREP™ Protein Extraction Solution (iNtRON Biotechnology,
Gyeonggido, Korea). A sample in the protein extraction solution was homogenized by
an Ultrasonic Homogenizer (Misonix, Farmingdale, NY, USA), and it was then incubated
on ice for 20–30 min to lyse the cells. After centrifugation at 13,000 rpm for 10 min at
4 ◦C, the supernatant was transferred to a new Eppendorf tube. A total of 10 µg of
the protein sample was separated on 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and then transferred to a polyvinylidene difluoride (PVDF)
membrane (Millipore, Billerica, MA, USA). The membrane was blocked with 5% skim milk
at room temperature for 1 h and was then incubated in a buffer with a rabbit anti-STAT5
antibody (GeneTex Inc., Alton Pkwy Irvine, CA, USA), anti-acetylated H3 (GeneTex Inc.) or
a mouse anti-β-actin antibody (GeneTex Inc.) overnight. After washing with PBST (0.05%
Tween20 in PBS) three times, the membrane was incubated in the hybridization buffer with
a horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody (1:2000; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) or a HRP-conjugated goat anti-mouse IgG antibody
(Santa Cruz Biotechnology, Inc.) for 1 h. The membrane was subsequently washed with
PBST three times. After incubation with the chemiluminescent HRP substrate (Millipore), the
signals were detected by the LAS-3000 imaging system (Fujifilm, Tokyo, Japan).

4.11. Immunofluorescence Assay

Pancreas was harvested from 8-weeks-old NOD mice treated with PBS or ALA and
embedded in paraffin. Primary antibodies against CD45 (a common marker for leukocytes)
and Glucose transporter 2 (Glut-2, a marker of islet β cells) were used to observe the
presence of leukocytes in the islet of pancreas. The pancreas-section slides were stained
with Alexa fluor 488-conjugated anti-CD45 antibody (eBioscience Inc.) and Alex fluor
350-conjugated anti-Glut-2 antibody (eBioscience Inc.) over night at 4 ◦C. The cell nucleus
was counterstained with propidium iodide (PI) (eBioscience Inc.). Finally, the slides were
analyzed by a confocal microscopy.

4.12. Immunohistochemical Assays

Kidneys transplanted with islets were harvested from NOD recipients and then em-
bedded in paraffin (Sigma-Aldrich). The kidney-section slides were stained with antibodies
against insulin (abcam, Cambridge, USA, ab7842) overnight and then stained with a second
anti-guinea pig IgG (Bethyl, A60-110p) antibodies (abcam, Cambridge) for 1 h. Finally, the
slides were stained with hematoxylin (Sigma-Aldrich) and analyzed via light microscopy.
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4.13. Statistical Analysis

GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) was used as statistical
software in this study. The data are presented as the mean ± standard error of mean (SEM).
The significance of islet graft survival time between the PBS-treated and ALA-treated
groups was determined via Kaplan–Meier survival analysis. The significance of diabetic
frequency between the PBS-treated and ALA-treated NOD mice was also determined
via Kaplan–Meier survival analysis. For the remaining experiments, the p-values were
calculated using a two-tailed Student’s t-test. Differences were considered significant at
p < 0.05.

5. Conclusions

Our results demonstrated that ALA treatment had significantly prevented the onset of
diabetes and prolonged islet graft survival in NOD mice. To understand the mechanisms
involved in this protective effect, we then investigated the influence of ALA on immune
cells in regard to cytokine profiles and the populations of T cells. ALA treatment reduced
the proportion of T helper 1 (Th1) cells and increased the proportion of regulatory T cells
(Tregs) in the spleens of NOD mice. We further demonstrated that ALA increased the
differentiation of Tregs from the naïve CD4 T cells of NOD mice. Overall, ALA treatment
reduced diabetic incidence in NOD mice and prolonged the survival of syngeneic and
allogeneic islet grafts. This protective effect was associated with increased differentiation
of Tregs in the modulation of immune cell effector functions. Furthermore, the ability of
ALA to induce Treg differentiation could be beneficial in the Treg-based cell therapy for
islet-transplantation treatment in type 1 diabetes.

In conclusion, our study demonstrated, possibly for the first time, that ALA inhibited
the onset of spontaneous diabetes and the autoimmune recurrence seen in islet transplan-
tation that is often used in the treatment of T1D. ALA had an immune modulatory effect
by suppressing the Th1 immune response and inducing Treg differentiation through the
enhanced activation of the STAT5 signaling pathway. Furthermore, the adoptive transfer
of in vitro ALA-induced Tregs exhibited a similar therapeutic effect, as compared to the
in vivo ALA treatment, demonstrating the therapeutic potential of ALA in Treg-based cell
therapies and islet transplantation used in the treatment of T1D.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms23031169/s1.

Author Contributions: Conceptualization, S.-H.H., S.-L.K. and G.-J.L.; methodology, J.-R.L. and
S.-H.H.; software, J.-R.L. and G.-J.L.; validation, G.-J.L. and S.-H.H.; formal analysis, S.-L.K.; inves-
tigation, S.-H.H. and G.-J.L.; resources, S.-L.K. and S.-J.C.; data curation, G.-J.L.; writing—original
draft preparation, S.-H.H. and S.-L.K.; writing—review and editing, G.-J.L.; visualization, Y.-W.C. and
Z.-J.H.; supervision, H.-K.S. and G.-J.L.; project administration, G.-J.L.; funding acquisition, S.-H.H.
and G.-J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan (MOST
108-2320-B-016-006-MY3 to G.-J.L.; and MOST 108-2314-B-385-001 to S.-H.H.); Ministry of National
Defense-Medical Affairs Bureau, Taiwan (MAB-108-001, MAB-108-004, MAB-109-049 and MND-
MAB-C-11104-111014 to G.-J.L.); En Chu Kong Hospital, Taiwan (ECKH_W10909 to S.-H.H.).

Institutional Review Board Statement: All animal experiments were conducted in accordance with
institutional guidelines and were approved by NDMC’s Institutional Animal Care and Use Committee
(approval number: IACUC-18-068). All efforts were made to minimize the suffering of experimental animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data underlying this article are available directly in the article text.

Acknowledgments: We offer thanks for the help of Precious Common Instrument Center of National
Defense Medical Center in the provision of assistance regarding equipment used in this study.

https://www.mdpi.com/article/10.3390/ijms23031169/s1
https://www.mdpi.com/article/10.3390/ijms23031169/s1


Int. J. Mol. Sci. 2022, 23, 1169 17 of 19

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Kawasaki, E.; Abiru, N.; Eguchi, K. Prevention of type 1 diabetes: From the view point of beta cell damage. Diabetes Res. Clin.

Pract. 2004, 66 (Suppl. S1), S27–S32. [CrossRef] [PubMed]
2. Katsarou, A.; Gudbjornsdottir, S.; Rawshani, A.; Dabelea, D.; Bonifacio, E.; Anderson, B.J.; Jacobsen, L.M.; Schatz, D.A.; Lernmark,

A. Type 1 diabetes mellitus. Nat. Rev. Dis. Primers 2017, 3, 17016. [CrossRef]
3. Barnett, A.H.; Eff, C.; Leslie, R.D.; Pyke, D.A. Diabetes in identical twins. A study of 200 pairs. Diabetologia 1981, 20, 87–93.

[CrossRef] [PubMed]
4. Nejentsev, S.; Howson, J.M.; Walker, N.M.; Szeszko, J.; Field, S.F.; Stevens, H.E.; Reynolds, P.; Hardy, M.; King, E.; Masters, J.; et al.

Localization of type 1 diabetes susceptibility to the MHC class I genes HLA-B and HLA-A. Nature 2007, 450, 887–892. [CrossRef]
[PubMed]

5. Abdeen, H.; McErlean, C.; Moraes, M.E.; Romero, M.; Marques, S.B.; Goncales, A.C.; Guariento, E.G.; Middleton, D. Identification
of two novel alleles HLA-B*3569 and -B*4450 and confirmation of HLA-A*2631 in the Brazilian population. Tissue Antigens 2007,
69, 273–276. [CrossRef]

6. Kaufman, D.L.; Erlander, M.G.; Clare-Salzler, M.; Atkinson, M.A.; Maclaren, N.K.; Tobin, A.J. Autoimmunity to two forms of
glutamate decarboxylase in insulin-dependent diabetes mellitus. J. Clin. Investig. 1992, 89, 283–292. [CrossRef]

7. Aoki, C.A.; Borchers, A.T.; Ridgway, W.M.; Keen, C.L.; Ansari, A.A.; Gershwin, M.E. NOD mice and autoimmunity. Autoimmun.
Rev. 2005, 4, 373–379. [CrossRef] [PubMed]

8. O’Brien, I.A.; Corrall, R.J. Epidemiology of diabetes and its complications. N. Engl. J. Med. 1988, 318, 1619–1620. [CrossRef]
[PubMed]

9. Gaglia, J.L.; Shapiro, A.M.; Weir, G.C. Islet transplantation: Progress and challenge. Arch. Med. Res. 2005, 36, 273–280. [CrossRef]
10. Bottino, R.; Balamurugan, A.N.; Giannoukakis, N.; Trucco, M. Islet/pancreas transplantation: Challenges for pediatrics. Pediatr.

Diabetes 2002, 3, 210–223. [CrossRef] [PubMed]
11. Balamurugan, A.N.; Bottino, R.; Giannoukakis, N.; Smetanka, C. Prospective and challenges of islet transplantation for the

therapy of autoimmune diabetes. Pancreas 2006, 32, 231–243. [CrossRef] [PubMed]
12. Okitsu, T.; Bartlett, S.T.; Hadley, G.A.; Drachenberg, C.B.; Farney, A.C. Recurrent autoimmunity accelerates destruction of minor

and major histoincompatible islet grafts in nonobese diabetic (NOD) mice. Am. J. Transplant. 2001, 1, 138–145. [CrossRef]
13. Gysemans, C.A.; Waer, M.; Valckx, D.; Laureys, J.M.; Mihkalsky, D.; Bouillon, R.; Mathieu, C. Early graft failure of xenogeneic

islets in NOD mice is accompanied by high levels of interleukin-1 and low levels of transforming growth factor-beta mRNA in
the grafts. Diabetes 2000, 49, 1992–1997. [CrossRef]

14. Young, H.Y.; Zucker, P.; Flavell, R.A.; Jevnikar, A.M.; Singh, B. Characterization of the role of major histocompatibility complex in
type 1 diabetes recurrence after islet transplantation. Transplantation 2004, 78, 509–515. [CrossRef] [PubMed]

15. Sibley, R.K.; Sutherland, D.E.; Goetz, F.; Michael, A.F. Recurrent diabetes mellitus in the pancreas iso- and allograft. A light and
electron microscopic and immunohistochemical analysis of four cases. Lab. Investig. 1985, 53, 132–144.

16. Tyden, G.; Reinholt, F.P.; Sundkvist, G.; Bolinder, J. Recurrence of autoimmune diabetes mellitus in recipients of cadaveric
pancreatic grafts. N. Engl. J. Med. 1996, 335, 860–863. [CrossRef]

17. Lin, G.J.; Sytwu, H.K.; Yu, J.C.; Chen, Y.W.; Kuo, Y.L.; Yu, C.C.; Chang, H.M.; Chan, D.C.; Huang, S.H. Dimethyl sulfoxide inhibits
spontaneous diabetes and autoimmune recurrence in non-obese diabetic mice by inducing differentiation of regulatory T cells.
Toxicol. Appl. Pharmacol. 2015, 282, 207–214. [CrossRef]

18. Golbidi, S.; Badran, M.; Laher, I. Diabetes and alpha lipoic Acid. Front. Pharmacol. 2011, 2, 69. [CrossRef] [PubMed]
19. Wollin, S.D.; Jones, P.J. Alpha-lipoic acid and cardiovascular disease. J. Nutr. 2003, 133, 3327–3330. [CrossRef]
20. Jordan, S.W.; Cronan, J.E., Jr. A new metabolic link. The acyl carrier protein of lipid synthesis donates lipoic acid to the pyruvate

dehydrogenase complex in Escherichia coli and mitochondria. J. Biol. Chem. 1997, 272, 17903–17906. [CrossRef]
21. Machado, R.S.; Clark, D.P.; Guest, J.R. Construction and properties of pyruvate dehydrogenase complexes with up to nine lipoyl

domains per lipoate acetyltransferase chain. FEMS Microbiol. Lett. 1992, 100, 243–248. [CrossRef] [PubMed]
22. Sohal, R.S.; Ku, H.H.; Agarwal, S.; Forster, M.J.; Lal, H. Oxidative damage, mitochondrial oxidant generation and antioxidant

defenses during aging and in response to food restriction in the mouse. Mech. Ageing Dev. 1994, 74, 121–133. [CrossRef]
23. Kozlov, A.V.; Gille, L.; Staniek, K.; Nohl, H. Dihydrolipoic acid maintains ubiquinone in the antioxidant active form by two-

electron reduction of ubiquinone and one-electron reduction of ubisemiquinone. Arch. Biochem. Biophys. 1999, 363, 148–154.
[CrossRef] [PubMed]

24. Gruzman, A.; Hidmi, A.; Katzhendler, J.; Haj-Yehie, A.; Sasson, S. Synthesis and characterization of new and potent alpha-lipoic
acid derivatives. Bioorg. Med. Chem. 2004, 12, 1183–1190. [CrossRef]

25. Biewenga, G.P.; Haenen, G.R.; Bast, A. The pharmacology of the antioxidant lipoic acid. Gen. Pharmacol. 1997, 29, 315–331.
[CrossRef]

http://doi.org/10.1016/j.diabres.2003.09.015
http://www.ncbi.nlm.nih.gov/pubmed/15563975
http://doi.org/10.1038/nrdp.2017.16
http://doi.org/10.1007/BF00262007
http://www.ncbi.nlm.nih.gov/pubmed/7193616
http://doi.org/10.1038/nature06406
http://www.ncbi.nlm.nih.gov/pubmed/18004301
http://doi.org/10.1111/j.1399-0039.2006.00788.x
http://doi.org/10.1172/JCI115573
http://doi.org/10.1016/j.autrev.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16081028
http://doi.org/10.1056/NEJM198806163182414
http://www.ncbi.nlm.nih.gov/pubmed/3374532
http://doi.org/10.1016/j.arcmed.2005.03.014
http://doi.org/10.1034/j.1399-5448.2002.30408.x
http://www.ncbi.nlm.nih.gov/pubmed/15016150
http://doi.org/10.1097/01.mpa.0000203961.16630.2f
http://www.ncbi.nlm.nih.gov/pubmed/16628077
http://doi.org/10.1034/j.1600-6143.2001.10207.x
http://doi.org/10.2337/diabetes.49.12.1992
http://doi.org/10.1097/01.TP.0000128907.83111.C6
http://www.ncbi.nlm.nih.gov/pubmed/15446308
http://doi.org/10.1056/NEJM199609193351205
http://doi.org/10.1016/j.taap.2014.11.012
http://doi.org/10.3389/fphar.2011.00069
http://www.ncbi.nlm.nih.gov/pubmed/22125537
http://doi.org/10.1093/jn/133.11.3327
http://doi.org/10.1074/jbc.272.29.17903
http://doi.org/10.1111/j.1574-6968.1992.tb05710.x
http://www.ncbi.nlm.nih.gov/pubmed/1478460
http://doi.org/10.1016/0047-6374(94)90104-X
http://doi.org/10.1006/abbi.1998.1064
http://www.ncbi.nlm.nih.gov/pubmed/10049509
http://doi.org/10.1016/j.bmc.2003.11.025
http://doi.org/10.1016/S0306-3623(96)00474-0


Int. J. Mol. Sci. 2022, 23, 1169 18 of 19

26. Odabasoglu, F.; Halici, Z.; Aygun, H.; Halici, M.; Atalay, F.; Cakir, A.; Cadirci, E.; Bayir, Y.; Suleyman, H. alpha-Lipoic acid has
anti-inflammatory and anti-oxidative properties: An experimental study in rats with carrageenan-induced acute and cotton
pellet-induced chronic inflammations. Br. J. Nutr. 2011, 105, 31–43. [CrossRef]

27. Zhang, W.J.; Wei, H.; Hagen, T.; Frei, B. Alpha-lipoic acid attenuates LPS-induced inflammatory responses by activating the
phosphoinositide 3-kinase/Akt signaling pathway. Proc. Natl. Acad. Sci. USA 2007, 104, 4077–4082. [CrossRef]

28. Merida, S.; Sancho-Tello, M.; Muriach, M.; Miranda, M.; Navea, A.; Bosch-Morell, F. Lipoic acid lessens Th1-mediated inflamma-
tion in lipopolysaccharide-induced uveitis reducing selectively Th1 lymphocytes-related cytokines release. Free Radic. Res. 2013,
47, 593–601. [CrossRef]

29. Marracci, G.H.; Jones, R.E.; McKeon, G.P.; Bourdette, D.N. Alpha lipoic acid inhibits T cell migration into the spinal cord and
suppresses and treats experimental autoimmune encephalomyelitis. J. Neuroimmunol. 2002, 131, 104–114. [CrossRef]

30. Morini, M.; Roccatagliata, L.; Dell’Eva, R.; Pedemonte, E.; Furlan, R.; Minghelli, S.; Giunti, D.; Pfeffer, U.; Marchese, M.;
Noonan, D.; et al. Alpha-lipoic acid is effective in prevention and treatment of experimental autoimmune encephalomyelitis. J.
Neuroimmunol. 2004, 148, 146–153. [CrossRef]

31. Wang, K.C.; Tsai, C.P.; Lee, C.L.; Chen, S.Y.; Lin, G.J.; Yen, M.H.; Sytwu, H.K.; Chen, S.J. alpha-Lipoic acid enhances endogenous
peroxisome-proliferator-activated receptor-gamma to ameliorate experimental autoimmune encephalomyelitis in mice. Clin. Sci.
2013, 125, 329–340. [CrossRef]

32. Chaudhary, P.; Marracci, G.H.; Bourdette, D.N. Lipoic acid inhibits expression of ICAM-1 and VCAM-1 by CNS endothelial cells
and T cell migration into the spinal cord in experimental autoimmune encephalomyelitis. J. Neuroimmunol. 2006, 175, 87–96.
[CrossRef] [PubMed]

33. Fei, M.; Xie, Q.; Zou, Y.; He, R.; Zhang, Y.; Wang, J.; Bo, L.; Li, J.; Deng, X. Alpha-lipoic acid protects mice against concanavalin
A-induced hepatitis by modulating cytokine secretion and reducing reactive oxygen species generation. Int. Immunopharmacol.
2016, 35, 53–60. [CrossRef] [PubMed]

34. Hamaguchi, K.; Gaskins, H.R.; Leiter, E.H. NIT-1, a pancreatic beta-cell line established from a transgenic NOD/Lt mouse.
Diabetes 1991, 40, 842–849. [CrossRef] [PubMed]

35. Robertson, R.P. Islet transplantation as a treatment for diabetes—A work in progress. N. Engl. J. Med. 2004, 350, 694–705.
[CrossRef] [PubMed]

36. Huang, S.H.; Lin, G.J.; Chu, C.H.; Yu, J.C.; Chen, T.W.; Chen, Y.W.; Chien, M.W.; Chu, C.C.; Sytwu, H.K. Triptolide ameliorates
autoimmune diabetes and prolongs islet graft survival in nonobese diabetic mice. Pancreas 2013, 42, 442–451. [CrossRef] [PubMed]

37. Salehi, B.; Berkay Yilmaz, Y.; Antika, G.; Boyunegmez Tumer, T.; Fawzi Mahomoodally, M.; Lobine, D.; Akram, M.; Riaz, M.;
Capanoglu, E.; Sharopov, F.; et al. Insights on the Use of alpha-Lipoic Acid for Therapeutic Purposes. Biomolecules 2019, 9, 356.
[CrossRef]

38. Ziegler, D.; Low, P.A.; Freeman, R.; Tritschler, H.; Vinik, A.I. Predictors of improvement and progression of diabetic polyneu-
ropathy following treatment with alpha-lipoic acid for 4 years in the NATHAN 1 trial. J. Diabetes Complicat. 2016, 30, 350–356.
[CrossRef] [PubMed]

39. Liu, W.; Shi, L.J.; Li, S.G. The Immunomodulatory Effect of Alpha-Lipoic Acid in Autoimmune Diseases. Biomed. Res. Int. 2019,
2019, 8086257. [CrossRef]

40. Burchill, M.A.; Yang, J.; Vogtenhuber, C.; Blazar, B.R.; Farrar, M.A. IL-2 receptor beta-dependent STAT5 activation is required for
the development of Foxp3+ regulatory T cells. J. Immunol. 2007, 178, 280–290. [CrossRef] [PubMed]

41. Betts, B.C.; Veerapathran, A.; Pidala, J.; Yu, X.Z.; Anasetti, C. STAT5 polarization promotes iTregs and suppresses human T-cell
alloresponses while preserving CTL capacity. J. Leukoc. Biol. 2014, 95, 205–213. [CrossRef]

42. Scalapino, K.J.; Tang, Q.; Bluestone, J.A.; Bonyhadi, M.L.; Daikh, D.I. Suppression of disease in New Zealand Black/New Zealand
White lupus-prone mice by adoptive transfer of ex vivo expanded regulatory T cells. J. Immunol. 2006, 177, 1451–1459. [CrossRef]

43. Scalapino, K.J.; Daikh, D.I. Suppression of glomerulonephritis in NZB/NZW lupus prone mice by adoptive transfer of ex vivo
expanded regulatory T cells. PLoS ONE 2009, 4, e6031. [CrossRef]

44. Kohm, A.P.; Carpentier, P.A.; Anger, H.A.; Miller, S.D. Cutting edge: CD4+CD25+ regulatory T cells suppress antigen-specific au-
toreactive immune responses and central nervous system inflammation during active experimental autoimmune encephalomyeli-
tis. J. Immunol. 2002, 169, 4712–4716. [CrossRef]

45. Stephens, L.A.; Malpass, K.H.; Anderton, S.M. Curing CNS autoimmune disease with myelin-reactive Foxp3+ Treg. Eur. J.
Immunol. 2009, 39, 1108–1117. [CrossRef] [PubMed]

46. Lin, G.J.; Wu, C.H.; Yu, C.C.; Lin, J.R.; Liu, X.D.; Chen, Y.W.; Chang, H.M.; Hong, Z.J.; Cheng, C.P.; Sytwu, H.K.; et al. Adoptive
transfer of DMSO-induced regulatory T cells exhibits a similar preventive effect compared to an in vivo DMSO treatment for
chemical-induced experimental encapsulating peritoneal sclerosis in mice. Toxicol. Appl. Pharmacol. 2019, 378, 114641. [CrossRef]
[PubMed]

47. Esensten, J.H.; Muller, Y.D.; Bluestone, J.A.; Tang, Q. Regulatory T-cell therapy for autoimmune and autoinflammatory diseases:
The next frontier. J. Allergy Clin. Immunol. 2018, 142, 1710–1718. [CrossRef] [PubMed]

48. Eggenhuizen, P.J.; Ng, B.H.; Ooi, J.D. Treg Enhancing Therapies to Treat Autoimmune Diseases. Int. J. Mol. Sci. 2020, 21, 7015.
[CrossRef] [PubMed]

49. Bluestone, J.A.; Buckner, J.H.; Fitch, M.; Gitelman, S.E.; Gupta, S.; Hellerstein, M.K.; Herold, K.C.; Lares, A.; Lee, M.R.; Li, K.; et al.
Type 1 diabetes immunotherapy using polyclonal regulatory T cells. Sci. Transl. Med. 2015, 7, 315ra189. [CrossRef] [PubMed]

http://doi.org/10.1017/S0007114510003107
http://doi.org/10.1073/pnas.0700305104
http://doi.org/10.3109/10715762.2013.805882
http://doi.org/10.1016/S0165-5728(02)00269-2
http://doi.org/10.1016/j.jneuroim.2003.11.021
http://doi.org/10.1042/CS20120560
http://doi.org/10.1016/j.jneuroim.2006.03.007
http://www.ncbi.nlm.nih.gov/pubmed/16644024
http://doi.org/10.1016/j.intimp.2016.03.023
http://www.ncbi.nlm.nih.gov/pubmed/27018751
http://doi.org/10.2337/diab.40.7.842
http://www.ncbi.nlm.nih.gov/pubmed/1647994
http://doi.org/10.1056/NEJMra032425
http://www.ncbi.nlm.nih.gov/pubmed/14960745
http://doi.org/10.1097/MPA.0b013e318269d076
http://www.ncbi.nlm.nih.gov/pubmed/23146919
http://doi.org/10.3390/biom9080356
http://doi.org/10.1016/j.jdiacomp.2015.10.018
http://www.ncbi.nlm.nih.gov/pubmed/26651260
http://doi.org/10.1155/2019/8086257
http://doi.org/10.4049/jimmunol.178.1.280
http://www.ncbi.nlm.nih.gov/pubmed/17182565
http://doi.org/10.1189/jlb.0313154
http://doi.org/10.4049/jimmunol.177.3.1451
http://doi.org/10.1371/journal.pone.0006031
http://doi.org/10.4049/jimmunol.169.9.4712
http://doi.org/10.1002/eji.200839073
http://www.ncbi.nlm.nih.gov/pubmed/19350586
http://doi.org/10.1016/j.taap.2019.114641
http://www.ncbi.nlm.nih.gov/pubmed/31254568
http://doi.org/10.1016/j.jaci.2018.10.015
http://www.ncbi.nlm.nih.gov/pubmed/30367909
http://doi.org/10.3390/ijms21197015
http://www.ncbi.nlm.nih.gov/pubmed/32977677
http://doi.org/10.1126/scitranslmed.aad4134
http://www.ncbi.nlm.nih.gov/pubmed/26606968


Int. J. Mol. Sci. 2022, 23, 1169 19 of 19

50. Marek-Trzonkowska, N.; Mysliwiec, M.; Dobyszuk, A.; Grabowska, M.; Derkowska, I.; Juscinska, J.; Owczuk, R.; Szadkowska,
A.; Witkowski, P.; Mlynarski, W.; et al. Therapy of type 1 diabetes with CD4(+)CD25(high)CD127-regulatory T cells prolongs
survival of pancreatic islets—Results of one year follow-up. Clin. Immunol. 2014, 153, 23–30. [CrossRef]

51. Juang, J.H.; Kuo, C.H.; Hsu, B.R. Effects of multiple site implantation on islet transplantation. Transplant. Proc. 2002, 34, 2698–2699.
[CrossRef]

52. Verdaguer, J.; Schmidt, D.; Amrani, A.; Anderson, B.; Averill, N.; Santamaria, P. Spontaneous autoimmune diabetes in monoclonal
T cell nonobese diabetic mice. J. Exp. Med. 1997, 186, 1663–1676. [CrossRef] [PubMed]

53. Lin, J.R.; Huang, S.H.; Wu, C.H.; Chen, Y.W.; Hong, Z.J.; Cheng, C.P.; Sytwu, H.K.; Lin, G.J. Valproic Acid Suppresses Autoimmune
Recurrence and Allograft Rejection in Islet Transplantation through Induction of the Differentiation of Regulatory T Cells and
Can Be Used in Cell Therapy for Type 1 Diabetes. Pharmaceuticals 2021, 14, 475. [CrossRef] [PubMed]

http://doi.org/10.1016/j.clim.2014.03.016
http://doi.org/10.1016/S0041-1345(02)03380-8
http://doi.org/10.1084/jem.186.10.1663
http://www.ncbi.nlm.nih.gov/pubmed/9362527
http://doi.org/10.3390/ph14050475
http://www.ncbi.nlm.nih.gov/pubmed/34067829

	Introduction 
	Results 
	ALA Treatment Delayed the Onset of Autoimmune Diabetes 
	ALA Treatment Prolonged the Survival of Syngeneic and Allogeneic Islet Grafts after Islet Transplantation 
	ALA Treatment Reduced the Secretion of Inflammatory Cytokines and Increased the Production of Anti-Inflammatory Cytokines 
	ALA Treatment Decreased the Population of Th1 Cells and Increased the Population of Tregs and IL-10-Producing CD4 T Cells 
	In Vitro ALA Treatment Induces the Differentiation of Tregs from the Naïve CD4 T Cells 
	Adoptive Transfer of ALA-Enhanced In Vitro Differentiated Tregs Exhibited a Better Protective Effect Than the Cells without ALA Treatment 

	Discussion 
	Materials and Methods 
	Animal Model 
	Preparation of ALA Solution and In Vivo Treatment of ALA 
	Islet Isolation and Transplantation 
	Urine Glucose and Blood Glucose Monitoring and Assessment of Insulitis 
	Naïve CD4 T Cell Sorting 
	In Vitro Treg Differentiation 
	Flow Cytometry 
	ELISA Detection of Cytokines 
	Adoptive Transfer of Regulatory T Cells 
	Protein Extraction and Western Blot 
	Immunofluorescence Assay 
	Immunohistochemical Assays 
	Statistical Analysis 

	Conclusions 
	References

