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Abstract

Background/Objectives: 5-Aminolevulinic acid (5-ALA) is a biosynthetic precursor of
heme that induces heme oxygenase-1 (HO-1). Therapeutic induction of HO-1 has shown
effectiveness in various autoimmune disease models, including type 1 diabetes (T1D).
However, the efficacy of 5-ALA as an HO-1 inducer in T1D models remains unexplored.
This study aimed to investigate the therapeutic efficacy of oral 5-ALA administration in
preventing autoimmune diabetes development in nonobese diabetic (NOD) mice. Methods:
We evaluated diabetes incidence, levels of insulin autoantibody, and severity of insulitis
in 5-ALA-treated and control NOD mice. HO-1 expression of dendritic cells in the pan-
creatic islets and spleen of 5-ALA-treated NOD mice was measured. The IFN-y/IL-17
of islet-infiltrating T cells and IL-10/IL-12 productions of dendritic cells in the spleen
of 5-ALA-treated NOD mice were assessed. We stimulated islet antigen-specific CD4"
T cells with islet antigen-pulsed dendritic cells in the presence of 5-ALA and examined
the proliferation of the T cells. Finally, we adoptively transferred islet antigen-specific
CD4" T cells into 5-ALA-treated, immunodeficient NOD-Rag1l knockout mice, and dia-
betes incidence in recipients was determined. Results: Oral 5-ALA treatment did not
significantly impact diabetes incidence, levels of insulin autoantibody, and insulitis. No
significant difference was observed in HO-1 expression in dendritic cells and cytokine
production of T cells and dendritic cells. Similarly, there was no significant difference in
the proliferation of islet antigen-specific CD4* T cells in vitro and diabetes induction in
transfer experiments. Conclusions: Oral administration of 5-ALA has a limited effect on
suppressing the development of autoimmune diabetes in NOD mice.

Keywords: 5-aminolevulinic acid; type 1 diabetes; islet autoimmunity

1. Introduction

Type 1 diabetes (T1D) is an autoimmune disease where islet antigen-specific T cells
are activated and proliferate in the islets, leading to the destruction of pancreatic beta
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cells [1]. Regulating these T cells is crucial for preventing the development and progression
of T1D [2]. Studies on the prevention of T1D in humans have shown that immunomod-
ulatory therapy targeting T cells, such as teplizumab, can transiently preserve beta cell
function in high-risk individuals [3] and those with early-stage disease [4]. However, this
treatment alone has not been able to completely prevent the disease. Therefore, combining
immunotherapy with a safe and long-term adjunctive therapy may offer a more effective
approach. 5-Aminolevulinic acid (5-ALA), the focus of this study, is a naturally occurring
amino acid biosynthesized in vivo from glycine and succinyl-CoA in mitochondria [5]. In
Japan, 5-ALA is widely marketed as a health supplement due to its ability to moderate
postprandial blood glucose levels in individuals with impaired glucose tolerance [6]. Addi-
tionally, 5-ALA serves as a precursor for heme biosynthesis in vivo. When combined with
sodium ferrous citrate (SFC), 5-ALA has been shown to enhance heme synthesis, phospho-
rylate mitogen-activated protein kinase, and induce the expression of heme oxygenase-1
(HO-1), known for its anti-inflammatory properties [7,8]. Interestingly, HO-1 expression in
dendritic cells has been found to inhibit cytokine production, promote a tolerogenic pheno-
type, and suppress the maturation of dendritic cells [9-13]. Furthermore, HO-1 expression
has been shown to suppress the differentiation and proliferation of inflammatory T-cell
subsets, such as Th1 and Th17 cells, by downregulating costimulatory factors and enhanc-
ing the suppressive activity of regulatory T cells [14,15]. In the field of autoimmunity, HO-1
inducers have been used in various models of T-cell-driven diseases, such as rheumatoid
arthritis, multiple sclerosis, and inflammatory bowel disease, and have been shown to sup-
press disease activity [16-19]. In the T1D model, systemic transduction of HO-1 in nonobese
diabetic (NOD) mice suppressed insulitis and delayed the onset of diabetes [20]. Another
study demonstrated that the upregulation of HO-1 with cobalt protoporphyrin IX (CoPP),
an HO-1 inducer, reduced the number of dendritic cells infiltrating the pancreatic islets
and suppressed insulitis [21]. Furthermore, coadministration of autoantigen and CoPP
via intradermal injection reduced the migration of islet antigen-specific cytotoxic T cells
to the islets [22]. Therefore, the potential of a harmless HO-1 inducer, 5-ALA, has raised
interest in its therapeutic use in modulating immune activation and inducing tolerance in
autoimmune diabetes.

To determine whether oral administration of 5-ALA can improve the immunopatho-
genesis of T1D and to identify the optimal dosage and timing of this treatment, the cumula-
tive incidence of diabetes, insulitis levels, and insulin autoantibody (IAA) production in
NOD mice treated with varying dosages and time courses of 5-ALA /SFC were assessed in
this study. Additionally, we investigated the impact of 5-ALA on HO-1 expression and cy-
tokine production in immune cells responsible for autoimmune diabetes, and proliferative
and diabetogenic activity of islet antigen-specific CD4* T cells through in vitro proliferation
assay and adoptive transfer experiments.

2. Materials and Methods

2.1. Animals and Experimental Procedures

NOD mice, NOD.Cg-Tg (TcraBDC2.5, TerbBDC2.5) /Doi] (BDC2.5-NOD) mice, and
NOD.12957 (B6)-Ragltm1lMom/] (RaglKO-NOD) mice were bred and housed under
pathogen-free conditions in the Research Center for Biomedical Models and Animal Welfare
at Nagasaki University. BDC2.5-NOD and RaglKO-NOD mice were purchased from
the Jackson Laboratory (Bar Harbor, ME, USA). All mice were maintained on a 12 h
light/dark cycle and fed standard rodent food. Only female mice were used in this study.
The same litter of mice was used for each individual experimental unit. Standardized
processes were implemented for all cages, including feeding, watering, and handling, to
reduce inconsistency across locations. Blinding was applied to animal care staff to ensure
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consistent care across all animals, regardless of their treatment group. Mice that met the
predetermined criteria for sex and age were randomly assigned to groups. The analysis
included all the animals, experimental units, and data points. All animal experiments
were approved by the Institutional Animal Experimentation Committee and conducted
following the Guidelines for Animal Experimentation.

2.2. Administration of 5-ALA

5-ALA and SFC (KIYAN PHARMA Co., Ltd., Tokyo, Japan) were dissolved in distilled
water at a molar ratio of 1:0.5 immediately before administration. The solution was prepared
and administered under light-shielded conditions. 5-ALA/SFC was given in drinking
water at doses of 100 mg/kg or 300 mg/kg. The previous reports, which documented
the effectiveness of oral 5-ALA administration in drinking water for other strains, were
referred to determine the 5-ALA /SFC dosages [23-25]. The dilution concentration was
calculated based on body weight and water intake data for each week of age from the same
strain in our laboratory.

2.3. Monitoring the Development of Spontaneous Diabetes

To determine the optimal timing for administering 5-ALA, the NOD mice were given
100 mg/kg/day of 5-ALA /SFC from 4 to 12 weeks of age in Course 1, from 12 to 20 weeks
of age in Course 2, from 4 to 20 weeks of age in Course 3, and the incidence of diabetes in
each 5-ALA-treated group was compared to the control group. To evaluate the appropriate
dosages of 5-ALA administration, the mice were divided into a standard-dose group
(100 mg/kg), a high-dose group (300 mg/kg), and a control group. The 5-ALA-treated
group received oral administration of 5-ALA from 4 to 50 weeks of age throughout the
observation period. Blood glucose levels in mice were monitored for spontaneous diabetes
using the OneTouch VerioVue blood glucose monitoring system (LifeScan, Tokyo, Japan)
weekly from 12 to 50 weeks of age. Mice with blood glucose levels exceeding 250 mg/dL
for two consecutive measurements were considered diabetic.

2.4. Measurement of Insulin Autoantibodies

Blood was collected from the tail vein of 12-week-old NOD mice that had been
administered 5-ALA at doses of 100 mg/kg or 300 mg/kg from 4 weeks of age, and
the control NOD mice. Insulin autoantibodies were measured using an enzyme-linked
immunosorbent assay with 96-well plates, as previously described [26]. A noncompetitive
assay was adopted, and samples were tested in duplicate with or without plate-bound
human insulin. In brief, an ELISA plate (BioLegend, San Diego, CA, USA) was coated with
or without 10 ng/mL of human insulin (Actrapid, Novo Nordisk, Bagsvaerd, Denmark)
overnight at 4 °C. The wells were then blocked with PBS containing 2% BSA for 2 h
at room temperature, after which they were probed with sera from the control and 5-
ALA-treated mice (100 mg/kg or 300 mg/kg) at 12 weeks of age for 2 h (at a dilution
of 1:10). The wells were washed four times, after which a biotinylated anti-mouse IgG1
antibody (Abcam, 1:10,000 dilution) was added for 30 min. After washing, horseradish
peroxidase (HRP)-conjugated streptavidin (BioLegend, San Diego, CA, USA) was added for
15 min. After washing the plate five times, 3,3’ 5,5 -tetramethylbenzidine (TMB) substrate
solution (BioLegend, San Diego, CA, USA) was added, and the absorbance was measured
at 450 nm using a Multiskan FC (Thermo Fisher Scientific, Waltham, MA, USA) microplate
reader. Each sample was analyzed in duplicate, and the absorbance value at 450 nm was
calculated by subtracting the absorbance of the sample without plate-bound insulin from
the absorbance of the sample with plate-bound insulin.
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2.5. Histology

Pancreatic sections from 12-week-old NOD mice that had been administered 5-ALA
at doses of 100 mg/kg or 300 mg/kg from 4 weeks of age, and the control NOD mice,
were histologically analyzed by hematoxylin and eosin and immunohistochemistry (IHC)
staining of paraffin-embedded samples. Pancreata were fixed in 10% neutral buffered for-
malin. Pancreatic sections from three levels (200 um apart) of paraffin-embedded samples
were analyzed using hematoxylin and eosin staining. The severity of insulitis was blindly
assessed by two independent investigators, and lymphocyte infiltration was scored in
accordance with previous report [27] as follows: 0 (no lymphocytic infiltration), 1 (lym-
phocytic infiltration occupying < 25% of the total islet cell area), 2 (lymphocytic infiltration
occupying 25-50% of the total islet cell area), 3 (lymphocytic infiltration occupying 50-75%
of the total islet cell area), and 4 (lymphocytic infiltration occupying > 75% of the total islet
cell area or small retracted islets). To prepare specimens for IHC staining for evaluating
insulin expression, deparaffinized 4 um sections were pretreated by heating in a microwave
in Target Retrieval Solution (pH 9.0; Agilent Technologies, Santa Clara, CA, USA) for
20 min. The sections were then incubated with rabbit monoclonal anti-insulin antibody
(1:1000; ab181547, Abcam, Cambridge, UK) for 1 h at 25 °C and then with goat antirabbit
IgG (H&L) with horseradish peroxidase (1:2000; Abcam, ab205718, Cambridge, UK) for
1 h. All samples were further incubated with 3,3-diaminobenzidine hydrogen peroxide for
10 min and counterstained with hematoxylin. The insulin-positive area was calculated as a
percentage of the total islet area within a field using BZ-X710 imaging software (ver. 1.4.1.1)
(Keyence, Osaka, Japan).

2.6. Islet Isolation

Islets were isolated using collagenase P (Roche, Basel, Switzerland) and Histopaque-
1077 density gradients (Sigma-Aldrich, St. Louis, MO, USA) [28]. In brief, the common
bile duct was cannulated, and the pancreas was distended with 3 mL of HBSS containing
0.3 mg/mL collagenase P (Roche Diagnostics, Rotkreuz, Switzerland). The pancreata were
then digested at 37 °C for 15 min and disrupted by shaking. The islets were then purified
using a Histopaque-1077 density gradient (Sigma-Aldrich, St. Louis, MO, USA), washed,
and harvested. For flow cytometry, the harvested islets were dispersed into single cells
by a brief incubation in a solution of 0.011% trypsin (Thermo Fisher Scientific, Waltham,
MA, USA) and 2 mM EDTA. The cells were then cultured for 1 h at 37 °C in 5% CO; in
RPMI (Thermo Fisher Scientific, Waltham, MA, USA) containing antibiotics, glutamine,
and 10% FCS.

2.7. Flow Cytometry

The non-diabetic NOD mice over 12 weeks of age were used for flow cytometric
analysis, and 5-ALA-treated mice received 1 week of oral administration of 5-ALA at
a dosage of 100 mg/kg prior to the experiments. Fluorochrome-conjugated antibodies
directed against the following antigens were used for flow cytometry: CD45 (30-F11),
CD45.1 (A20), CD3e (500A2), CD3e (145-2C11), CD4 (GK1.5), CD8a (53-6.7), CD19 (6D5),
CD11c (N418), CD11b (M1/70), F4/80 (BMS8), HO-1 (HO-1-1), IFN-y (XMG1.2), IL-17
(TC11-18H10), IL-10 (JES5-16E3), and IL-12 (C15.6). These antibodies were purchased
from BioLegend (San Diego, CA, USA), BD Biosciences (Franklin Lakes, NJ, USA), and
Thermo Fisher Scientific (Waltham, MA, USA). For HO-1 staining, intracellular staining
with antibody to HO-1 was performed with the Intracellular Fixation/Permeabilization kit
(Thermo Fisher Scientific, Waltham, MA, USA). The fixed cells were stained with primary
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unconjugated mouse anti-mouse HO-1 antibody (HO-1-1; MOPC-21, for isotype control)
and stained with a secondary phycoerythrin-conjugated rat anti-mouse IgG1 (A85-1). For
intracellular cytokine staining of IFN-y and IL-17 among CD4" T cells infiltrating into the
islets, 2.0 x 10° cells per well underwent 3 h of stimulation with phorbol 12-myristate
13-acetate (PMA; 25 ng/mL) and ionomycin (1 ng/mL) plus brefeldin. The cells were
first stained with anti-CD3e and anti-CD4, and then stained intracellularly with anti-IL-
17 and anti-IFN-y, along with their respective isotype controls. Intracellular cytokine
staining for activated dendritic cells was performed as described previously [29]. Dendritic
cells were magnetically purified using CD11c-Selection Kits (StemCell Technologies, BC,
Canada). A total of 2.0 x 10° dendritic cells per well were stimulated with the Toll-like
receptor (TLR) 7/8 agonist R848 (Adipogen, San Diego, CA, USA) plus brefeldin for 4 h
at a concentration of 1 ug/mL. The cells were harvested and stained with anti-CDl1l1c,
followed by intracellular staining with anti-IL-12, anti-IL-10, and their isotype controls.
The Intracellular Fixation/Permeabilization kit (Thermo Fisher Scientific, Waltham, MA,
USA) was used for staining these cytokines, and dead cells were excluded by the addition
of either 7-aminoactinomycin D or Ghost Dye. All analyses were performed using the
LSRFortessa™ (BD Biosciences) and Flow]Jo™ software (ver. 10.10.0) (BD Life Sciences,
Franklin Lakes, NJ, USA).

2.8. Adoptive Transfer Experiments

Islet antigen-specific naive CD4" (BDC2.5) T cells were purified from the spleens
of 8- to 12-week-old BDC2.5-NOD mice using naive CD4* T-cell Isolation Kit (StemCell
Technologies, Vancouver, BC, Canada) in accordance with the manufacturer’s instructions.
The purified naive BDC2.5 CD4" T cells were resuspended in EasySep™ Buffer (Stem Cell
Technologies, Vancouver, BC, Canada) at 5.0 x 10% cells per 500 puL and intravenously
injected into the tail veins of 8-week-old RaglKO-NOD mice treated with 5-ALA from
4 weeks of age during the observation period. The mice were monitored for blood glucose
daily until 19 days after the adoptive transfer. Blood glucose levels were measured twice
per week thereafter.

2.9. Cell Culture and Carboxyfluorescein Succinimidyl Ester (CESE) Labeling

In vitro stimulation of CD4* T cells was performed as described previously [29].
Briefly, CD4" T cells from BDC2.5 NOD mice (BDC2.5 CD4* T cells) and dendritic cells from
nondiabetic female NOD mice were purified from splenocytes using CD4* T Cell-Isolation
and CD11c-Selection Kits (StemCell Technologies, Vancouver, BC, Canada), respectively.
Firstly, 1.0 x 10* dendritic cells per well were pulsed with the mimotope peptide, RLGL-
WE14 (50 ng/mL, sequence: RLGLWSRMDQLAKELTAE) [30], in a 96-well round-bottomed
plate for 1 h, in the presence of 5-ALA (500, 100, and 20 uM). Secondly, the BDC2.5 CD4*
T cells were labelled with CFSE in accordance with the manufacturer’s protocol (Tonbo
Biosciences, San Diego, CA, USA). 1.0 x 10° CFSE-labeled BDC2.5 CD4* T cells per well
were cocultured with 1.0 x 10* RLGL-WE14-pulsed dendritic cells per well in a 96-well
round-bottomed plate, in the presence of 5-ALA at concentrations of 500, 100, and 20 uM.
The proliferation of the CD4* T cells was assessed by flow cytometry after 4 days of
incubation at 37 °C in 5% CO,.

2.10. Statistical Analysis

All statistical analyses were performed using GraphPad Prism software versions 9
and 10 (GraphPad, Boston, CA, USA). The unpaired Student’s ¢-test was used to compare
two groups, and one-way ANOVA was used for comparisons among three or four groups,
followed by Dunnett’s multiple comparisons tests. Kaplan-Meier estimates were performed
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with the log-rank test. Data are represented as mean + SD. A p-value of less than 0.05 was
considered statistically significant.

3. Results
3.1. Oral Administration of 5-ALA Did Not Prevent the Development of Diabetes in NOD Mice

To investigate the impact of oral administration of 5-ALA /SFC on the development
of autoimmune diabetes in NOD mice, we assessed diabetes incidence in NOD mice in
response to 5-ALA administration with varying therapeutic periods and dosages. In NOD
mice, islet autoimmunity is initiated by the infiltration of innate immune cells, such as
dendritic cells, into islets, followed by the recruitment of autoreactive T cells specific to
islet autoantigens [31]. NOD mice develop insulitis from 3—4 weeks of age and progress
to diabetes due to the progressive destruction of 3 cells by antigen-specific T cells from
12 weeks of age [32,33]. The therapeutic schedule was tailored based on the disease stage,
considering the different immune cells involved at each stage.

We assessed diabetes incidence in NOD mice in response to 5-ALA administration
with varying therapeutic periods and dosages (Figure 1a,b). Initially, 5-ALA /SFC was
administered temporarily to NOD mice at different stages of autoimmune diabetes, and
the incidence of diabetes was monitored up to 50 weeks of age. The mice were given
100 mg/kg/day of 5-ALA /SFC from insulitis formation (4 weeks of age) to early diabetes
(12 weeks of age) in Course 1 (n = 11), from early diabetes (12 weeks of age) to 20 weeks
of age in Course 2 (n = 15), and from insulitis formation (4 weeks of age) to 20 weeks
of age in Course 3 (n = 7). The incidence of diabetes did not significantly differ in each
5-ALA-treated group compared to the control group (Figure 1a). The incidence of diabetes
did not significantly differ in each 5-ALA-treated group compared to the control group
(Figure 1c). Next, 5-ALA /SFC was administered to NOD mice at two different doses. The
NOD mice were divided into a standard-dose group (100 mg/kg, n = 11), a high-dose
group (300 mg/kg, n = 10), and a control group (n = 11). The 5-ALA-treated group received
oral administration of 5-ALA from the age of 4 weeks throughout the observation period.
Diabetes incidence was monitored until 50 weeks of age. The diabetes incidence did not
significantly differ in the high- and standard-dose groups compared to the control group
(Figure 1d). We also examined blood glucose levels in the groups during the prediabetic
period (Supplementary Figure S1). No statistically significant differences in blood glucose
levels were observed among the groups at 4, 5, 8, 10, and 12 weeks of age.

Methaod of 5-ALA administration for testing the efficacy of administration period |

[ Method of 5-ALA administration for testing the efficacy of administration dose

Course

Course2

Standard-dose group | 5ALA 100mg/kg I
s | L woer
e = =
4 20 50 Weeks of age 4 50 Weeks of age
(b)

Figure 1. Cont.
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Figure 1. Cumulative incidence of diabetes in nonobese diabetic (NOD) mice following variations in
the duration and dosage of 5-aminolevulinic acid (5-ALA) administration. (a) Schematic represen-
tation of the 5-ALA administration schedule to assess the effect of treatment duration. NOD mice
received 100 mg/kg/day of 5-ALA /sodium ferrous citrate (SFC) during three different periods: from
4 to 12 weeks of age (Course 1, n = 11), from 12 to 20 weeks of age (Course 2, n = 15), and from 4 to
20 weeks of age (Course 3, n = 7). The incidence of diabetes in each group was compared with that
in untreated controls (n = 15). (b) Schematic representation of the 5-ALA administration schedule
to evaluate its dose-dependent effects. NOD mice received different doses of 5-ALA /SFC from 4 to
50 weeks of age: the high-dose group (300 mg/kg, n = 11), the standard-dose group (100 mg/kg,
n = 10), and the control group (n = 11). (¢) Cumulative incidence of diabetes up to 50 weeks of age in
mice treated with 5-ALA for different durations, as described in (a). Course 1 is indicated by pink
lines, Course 2 by blue lines, Course 3 by green lines, and the control group by orange lines. (d) The
cumulative incidence of diabetes up to 50 weeks of age in mice treated with different doses of 5-ALA,
as described in (b). The high-dose group is represented by dotted lines, the standard-dose group by
dashed lines, and the control group by solid lines. Statistical analysis of the Kaplan-Meier estimates
using the log-rank test revealed no significant difference between the treatment and control groups
in (c,d).

3.2. The IAA Production and Severity of Insulitis Were Not Suppressed by 5-ALA Administration
in NOD Mice

The impact of oral 5-ALA administration on insulitis and IAA development was
assessed in NOD mice. NOD mice were given 5-ALA /SFC at standard (100 mg/kg) and
high (300 mg/kg) doses from 4 weeks of age. NOD mice typically start to progress diabetes
from 12 weeks of age in our animal facility, and it was reported that the level of IAA
peaked at 8 to 12 weeks of age [34]. Therefore, we examined the level of insulitis and IAA
at 12 weeks of age. The IAA production did not significantly differ in each group from
that in the control group (0.44 £ 0.49 in the high-dose group, 0.48 & 1.10 in the standard-
dose group, 0.36 =+ 0.72 in the control group) (Figure 2a). Both groups of 5-ALA-treated
NOD mice showed similar levels of insulitis and residual (3 cell mass at 12 weeks of age
compared to the control group (Residual 3 cell mass; 60.44 + 20.94% in the high-dose
group, 61.65 £ 4.32% in the standard-dose group, 60.72 + 9.31% in the control group)
(Figure 2b—d).
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Figure 2. (a) Serum insulin autoantibody (IAA) levels represented as absorbance at 450 nm in the
5-aminolevulinic acid (5-ALA)/sodium ferrous citrate (SFC) high-dose (300 mg/kg), standard-dose
(100 mg/kg), and control groups at 12 weeks of age (n = 5 per group). Black horizontal lines
indicate mean values. (b) Representative sections of pancreatic islets from nonobese diabetic (NOD)
mice at 12 weeks of age in each of the 5-ALA/SFC and control groups. Pancreatic sections were
assessed by hematoxylin and eosin and IHC staining to determine insulin expression. Scale bars,
50 um (magnification, 400x). (c) The severity of insulitis in the 5-ALA /SFC high-dose (300 mg/kg),
standard-dose (100 mg/kg), and control groups at 12 weeks of age (n = 6 per group). Insulitis severity
was scored as previously described [27]. Insulitis levels are represented by different colors: 0 (white),
1 (light gray), 2 (gray), 3 (dark gray), and 4 (black). (d) Quantification of insulin-positive area in
each group at 12 weeks of age. Data are shown as mean + SD (5-ALA /SFC 300 mg/kg group n = 4,
100 mg/kg group n = 4, and control group n = 5). One-way ANOVA revealed no statistical difference,
and the Dunnett’s multiple comparisons test showed no significant difference between the treatment
and control groups in (a,d).

3.3. HO-1 Expression and Effector Function in Immune Cells Remained Unchanged by Short-Term
5-ALA Administration

Our results suggested that oral administration of 5-ALA had a limited effect on the
development of diabetes and insulitis, and IAA production in NOD mice (Figures 1 and 2).
Previous reports have documented that HO-1 inducers decrease the production of pro-
inflammatory cytokines, IL-12 and IL-6, in dendritic cells [10,15]. These cells are potentially
influential in determining the fate of T-cell subsets, such as IFN-y-producing cells (Th1)
and IL-17-producing cells (Th17). Subsequently, we evaluated whether oral 5-ALA ad-
ministration affected HO-1 expression in dendritic cells in islets and spleens, cytokine
production by CD4" T cells originating from islets and by dendritic cells from the spleen,
and cell proportion in immune cells responsible for the pathogenesis of autoimmune di-
abetes. Non-diabetic NOD mice over 12 weeks of age were divided into a control group
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and a treatment group that received 5-ALA. The 5-ALA-treated groups received oral ad-
ministration of 5-ALA at a dosage of 100 mg/kg for 1 week prior to the experiments. No
significant differences were observed in HO-1 expression in dendritic cells in the islets
and spleen (Islet: 3.21 & 2.46% in the treatment group, 2.24 & 1.1% in the control group;
Spleen: 0.1 &£ 0.04% in the treatment group, 0.14 £ 0.05% in the control group) (Figure 3a,b);
IFN-y /IL-17 production by CD4" T cells in the islets (IFN-y: 23.78 £ 7.75% in the treatment
group, 19.63 £ 2.56% in the control group; IL-17: 0.29 £ 0.46% in the treatment group,
0.21 £ 0.20% in the control group) (Figure 3c,d); IL-12/IL-10 production by dendritic cells
isolated from splenocytes (IL-12: 8.02 & 2.02% in the treatment group, 5.86 & 3.7% in the
control group; IL-10: 0.06 £ 0.02% in the treatment group, 0.05 & 0.04% in the control
group) (Figure 3e,f).
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Figure 3. (a,b) Flow cytometry analysis of heme oxygenase-1 (HO-1) expression in dendritic cells
in the islets and spleen of 5-Aminolevulinic acid (5-ALA)-treated or untreated nonobese diabetic
NOD mice. Representative plot (a) and quantification (b) of HO-1* dendritic cells among CD45*
cells in the islet (5-ALA: n = 6; control: n = 5) and spleen (5-ALA: n = 7; control: n = 5) from 5-
ALA-treated or untreated mice. (c,d) Representative plot (c) and quantification (d) of IFN-y* and
IL-17* cells among CDA4* cells in the islet (5-ALA: n = 8; control: n = 9). (e f) Representative plot (e)
and quantification (f) of IL-10" or IL-12% cells among CD11c" cells in the spleen (5-ALA: n = 3;
control: n = 4) (g). Division of CFSE-labeled BDC2.5 CD4" T cells 4 days after stimulation with an
islet antigen. Representative data and division index (average number of cell divisions) are shown
(500 uM, 100 M, 20 uM, or untreated; n = 9 per group) (h) The cumulative incidence of diabetes after
the adoptive transfer of antigen-specific CD4* T cells from BDC2.5-NOD mice into Rag1KO-NOD
recipient mice (n = 5 per group; 5ALA: solid line, control: dashed line). (i) Line graph showing blood
glucose levels corresponding to (h). The dotted line indicates a blood glucose level of 250 mg/dL.
Values exceeding 600 mg/dL are plotted as 600 mg/dL. The blood glucose levels of 5-ALA-treated
group are shown as orange solid lines, and the control group as blue solid lines. All the treated
mice used for experiments in (a—f) received 1 week of oral administration of 5-ALA (100 mg/kg).
The unpaired Student’s ¢-test revealed no significant difference between the treatment and control
groups in (b,d,f). One-way ANOVA revealed no statistical difference, and the Dunnett’s multiple
comparisons test showed no significant difference between the treatment and control groups in (g).
Statistical analysis of the Kaplan—-Meier estimates using the log-rank test revealed no significant
difference between the treatment and control groups in (h).

Previous reports have also documented that HO-1 inducers suppress the expression
of major histocompatibility complex (MHC) and co-stimulatory molecules in dendritic
cells and reduce their capacity to stimulate T cells in vitro [10,11,15]. It has been reported
that the capacity of an HO-1 inducer to suppress T-cell stimulation by dendritic cells
in vitro is linked to the suppression of diabetes progression following the adoptive transfer



Diabetology 2025, 6, 62

11 of 14

of dendritic cells treated with the HO-1 inducer [35]. To evaluate the effect of 5-ALA
on antigen stimulation in vitro, the proliferation of antigen-specific CD4" T cells after
antigen stimulation in the presence of 5-ALA was compared with that of the control group
(Figure 3g). No significant difference was observed in the proliferation of BDC2.5 CD4* T
cells at any 5-ALA concentration (Division index: 1.00 £ 0.33 at 0 uM, 0.91 £ 0.29 at 20 uM,
1.22 + 0.4 at 100 pM, 0.93 £ 0.38 at 500 uM). Finally, we evaluated the incidence of diabetes
in Rag-1 KO NOD mice treated with 5-ALA for 4 weeks and transferred with naive CD4* T
cells. No significant difference was observed in the cumulative incidence of diabetes in the
recipients (Rag-1 KO NOD mice) with or without 5-ALA treatment (Figure 3h,i).

4. Discussion

In this study, oral administration of 5-ALA /SFC did not suppress the development of
autoimmune diabetes in NOD mice. It did not reduce insulitis levels, insulin autoantibody
production, or diabetes induction by diabetogenic BDC2.5 CD4" T cells.

The histological evaluation revealed no difference in insulitis levels, indicating that
dendritic cell migration to the islet region, antigen presentation to T cells, and T-cell recruit-
ment were not affected by 5-ALA treatment. Similarly, no differences were observed in
IAA levels, suggesting that the development of insulin-specific B cells was not suppressed.
These findings suggest that the suppressive effect of oral 5-ALA/SFC on dendritic cell-
mediated islet autoimmunity is limited for T and B cells in the pathogenesis of autoimmune
diabetes in NOD mice. Our results of similar HO-1 expression and cytokine production
in T and dendritic cells in 5-ALA-treated mice support this interpretation (Figure 3). In
a different autoimmune disease model of adult-onset Still’s disease, oral administration
of 5-ALA /SFC was found to induce anti-inflammatory properties in monocytes and M2
macrophages, ameliorating disease activity in collagen-induced arthritis and macrophage
activation syndrome [25]. Notably, the mechanism of HO-1 induction by 5-ALA/SFC
in macrophages has been well-studied [8]. The varying efficacy of immune modulation
in autoimmune diseases may be due to the specific immune cell types involved in dis-
ease progression, as macrophages are not crucial for inducing autoimmune diabetes in
NOD mice.

In the adoptive transfer experiment, the diabetes-inducing capacity of islet antigen-
specific CD4* T cells was not suppressed by the administration of 5-ALA /SFC when
transferred into immunodeficient (RaglKO-NOD) mice, suggesting that antigen presen-
tation by immune cells in the recipients and the acquisition of effector function of islet
antigen-specific naive CD4* T cells were not suppressed. Hypothetically, 5-ALA treatment
could induce a tolerogenic phenotype in dendritic cells and suppress the effector differ-
entiation and proliferation of T cells; however, we found no significant changes in HO-1
expression in dendritic cells, cytokine production in dendritic and T cells, and prolifer-
ative activity in BDC2.5 CD4" T cells in vitro. These findings indicate that oral 5-ALA
administration may be insufficient for inducing tolerogenic dendritic cells in NOD mice.

A previous study demonstrated that simultaneous intradermal administration of
autoantigens and a HO-1 inducer (CoPP) suppressed autoimmune diabetes, where autore-
active OT-1 T cells directly attacked beta cells expressing membrane-bound ovalbumin
(OVA) under the control of the insulin promoter in RIP-OVAhigh mice [22]. Similarly,
in the report of tolerogenic dendritic cells genetically modified with lentiviral vectors
co-encoding antigen-derived peptides and interleukin 10, the expression of autoantigens
as well as immunosuppressive molecules in dendritic cells might be necessary to promote
antigen-specific tolerance for islets [36]. Therefore, our study, in which 5-ALA was admin-
istered orally without autoantigens, may have had limited efficacy in inducing tolerogenic
dendritic cells and suppressing pancreatic islet autoimmunity.
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Recently, remarkable progress has been made in the field of immunotherapy for
patients with T1D [4,37,38]. However, the decline in beta cell function in patients with T1D
is not completely halted. Therefore, there is a need to develop adjunctive therapies with
higher safety to maintain long-term efficacy. Although oral administration of 5-ALA had
limited effects in this study, several HO-1 inducers, including 5-ALA, have emerged as
candidates for better-tolerated immunomodulatory therapy for autoimmune diseases due
to their low toxicity.

The limitations of this study are that 5-ALA/SFC was administered voluntarily
through water supply bottles, so there is a possibility that the actual dosage of 5-ALA /SFC
may have varied. In addition, due to ad libitum administration, 5-ALA /SFC was adminis-
tered after weaning, starting at 4 weeks of age. HO-1 and cytokine expressions in immune
cells were evaluated after 1 week of 5-ALA /SFC administration.

In conclusion, the impact of oral administration of 5-ALA /SFC on the development of
autoimmune diabetes and autoimmunity in pancreatic islets in NOD mice is limited, and
further analysis is required.
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