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Background: Oxidative stress is involved in various dis-
eases, including allergies. Several studies have pointed to
the preventive and therapeutic potential of antioxidants in
allergic disorders. However, li�le is known about the im-
munomodulatory effects of antioxidants in type I hyper-
sensitivity. In this study we aimed to explore the impact
of a water-soluble antioxidant and α-lipoic acid deriva-
tive, sodium zinc histidine dithiooctanamide (DHL-HisZn),
on mast-cell- and T-cell-mediated allergic and immune re-
sponses both in vitro and in vivo.

Methods: The therapeutic impact of DHL-HisZn on mast-
cell-mediated type I hypersensitivity was evaluated by a
mast-cell degranulation assay using bone marrow-derived
mast cells and by a mouse model of ovalbumin (OVA)-
induced allergic rhinitis. The effect of DHL-HisZn on the
proportion of regulatory T cells (Tregs) was evaluated us-
ing flow cytometry.

Results: During the course of OVA-induced allergic rhini-
tis in mice, serum nitrate was elevated, suggesting the
involvement of oxidative stress in allergic responses.
DHL-HisZn not only suppressed mast-cell degranulation
but also ameliorated OVA-induced nasal hypersensitivity,

with significant suppression of serum nitrate. DHL-
HisZn treatment significantly suppressed OVA-specific im-
munoglobulin E (IgE) but enhanced OVA-specific IgG2a in
OVA-sensitized and nasal-challenged mice. Furthermore,
DHL-HisZn treatment suppressed interleukin-17 produc-
tion in OVA-stimulated splenocytes. Finally, we demon-
strated the induction of Tregs by DHL-HisZn in con-
canavalin A blasts.

Conclusions: These findings suggest that DHL-HisZn may
regulate mast-cell-, T-helper 2 (Th2)-, and Th17-mediated al-
lergic and immune responses by induction of Tregs. C© 2017
ARS-AAOA, LLC.
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O xidative stress is involved in several diseases, includ-
ing neurologic disorders,1 autoimmune diseases,2 and

cancer,3 as well as aging.4 Involvement of oxidative stress
in allergic disorders, such as asthma, rhinitis, and atopic
dermatitis, has also been reported.5–7 Oxidative stress is
defined as an imbalance of reactive oxygen species (ROS)
generation and natural antioxidant defense.8 Excessive
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FIGURE 1. Impact of DHL-HisZn on mast-cell degranulation. The degranulation was evaluated by β-hexosaminidase release rate. Values are presented as
the mean ± standard deviation from 3 independent experiments. A23187 (10 μmol/L) was used as a positive control for degranulation. White bar: anti-DNP
IgE treatment only; black bar: anti-DNP IgE + antigen (Ag: DNP-BSA) treatment. *p < 0.05 and **p < 0.01 versus (IgE + Ag: 0 μg/ml of DHL-HisZn) or (IgE +
Ag: 0 μg/ml of DHL-HisZn) (Student t-test). BSA = bovine serum albumin; DHL-HisZn = sodium zinc histidine dithiooctanamide; DNP = dinitrophenol; IgE =
immunoglobulin E.

ROS production leads to exhaustion of the antioxidant
system, resulting in the elevation of nitric oxide (NO),
nitrite/nitrate, and malondialdehyde, which are known as
oxidative stress markers.9–11

To scavenge ROS and adjust the balance of ROS and
natural antioxidant defense, various antioxidants, such
as ascorbic acid (vitamin C), α-tocopherol (vitamin E),
and ubiquinol (coenzyme Q), are commercially available.
The preventive and therapeutic effects of these antioxi-
dants in allergic disorders have been reported,12–16 but
little is known about the immunomodulatory effect of
antioxidants in type I hypersensitivity. One antioxidant, α-
lipoic acid, is a mitochondrial fatty acid involved in energy
metabolism, and many studies have demonstrated the ther-
apeutic potential of α-lipoic acid in various diseases, includ-
ing diabetes,17 ischemia/reperfusion injury,18 fibrosis,19

and cancer.20 Some reports also demonstrated the thera-
peutic impact of α-lipoic acid on compound 48/80-induced
anaphylaxis-like reaction21 and 2-4-dinitrofluorobenzene
(DNFB)-induced atopic dermatitis.22 However, the effects
of α-lipoic acid on mast-cell– and T-cell–mediated aller-
gic and immune responses, both in vitro and in vivo, are
uncertain.

α-Lipoic acid possesses low water solubility, which
may affect its utility in cell culture systems. Dihydrolipoyl
histidinate zinc complex (DHL-HisZn) is a novel α-lipoic
acid derivative composed of α-lipoic acid, histidine, and
zinc.23 DHL-HisZn is water-soluble and stable in aqueous
solution. Moreover, histidine has been shown to scavenge
both singlet oxygen (1O2) and hydroxyl radicals.24,25

In previous studies, we demonstrated the therapeutic
impact of DHL-HisZn on cardiac dysfunction,26 renal
ischemia/reperfusion injury,23 chemotherapy-induced
alopecia,27 and colon cancer growth.28 In addition, a re-
cent study demonstrated that DHL-HisZn may be useful in
the prevention of insulin resistance and diabetes related to

metabolic disorders.29 In this study, we explored the ther-
apeutic potential of DHL-HisZn and its mechanism in a
mouse model of ovalbumin (OVA)-induced allergic rhinitis.

Materials and methods
Ethics statement

Our experimental design was reviewed and approved
by the institutional animal care and use committee of
Kaohsiung Chang Gung Memorial Hospital (Approval No.
2014101601). The committee recognized that the proposed
animal experiments were in accordance with the Animal
Protection Law of the Council of Agriculture, Executive
Yuan, R.O.C., and the Guide for the Care and Use of Labo-
ratory Animals (Institute of Laboratory Animal Resources,
National Research Council, USA).

Animals
Male Lewis rats and female BALB/c mice were obtained
at 5 weeks of age from the National Laboratory Animal
Breeding and Research Center (Taipei, Taiwan). All ani-
mals were maintained under specific pathogen-free animal
conditions with water and a commercial diet ad libitum.
All serum samples were stored at −80°C until analysis.

Mast-cell degranulation
Lewis bone marrow-derived mast cells (BMMCs, 1 × 106

cells/mL) were prepared and the effect of DHL-HisZn
on mast-cell degranulation was evaluated by previously
described protocols.30,31 Briefly, BMMCs were sensitized
with anti-dinitrophenol (anti-DNP) immunoglobulin E (0.5
μg/mL; Sigma Co., St. Louis, MO, USA) for 18 hours
at 37°C. They were then washed with Tyrode’s buffer
(10 mmol/L HEPES, 130 mmol/L NaCl, 5 mmol/L KCl,
1.4 mmol/L CaCl2, 1 mmol/L MgCl2, 5.6 mmol/L glucose,
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FIGURE 2. Impact of oxidative stress on type I hypersensitivity and its amelioration by DHL-HisZn. (A) Serum nitrate levels before and after OVA/alum
sensitization. Values are presented as mean ± standard deviation from 6 individuals. **p < 0.01 (Student t-test). (B, C) Prevention of allergic rhinitis-like
symptoms by DHL-HisZn. Mice were immunized with OVA/alum (n = 12) and divided into 2 groups for intraperitoneal administration of control treatment
(normal saline, n = 6) or DHL-HisZn (10 mg/kg, n = 6) before daily OVA nasal challenge. To evaluate allergic rhinitis-like symptoms, the instances of nasal
rubbing (B) and sneezing (C) were counted for 5 minutes immediately after OVA nasal challenge. **p < 0.01 (Student t-test). (D) Serum nitrate levels in control
and DHL-HisZn treatment groups. Values are presented as mean ± standard deviation from 6 individuals. DHL-HisZn = sodium zinc histidine dithiooctanamide;
OVA = ovalbumin.

0.1% bovine serum albumin [BSA], at pH 7.4), and
2.5 × 106 cells/mL of BMMCs were incubated in the pres-
ence of DHL-HisZn (62.5, 125, 250, and 500 μmol/L) or
control vehicle (normal saline) for 1 hour at 37°C. To in-
duce degranulation, 0.5 μg/mL of DNP-BSA (Invitrogen,
Carlsbad, CA, USA) was added. The supernatants were
collected, and 0.5% Triton X-100 solution in Tyrode’s
buffer was added to quantify the enzymatic activity re-
maining in the cells. To quantify β-hexosaminidase activ-
ity, 20 μL of substrate solution (1.3 mg/mL p-nitrophenyl-
N-acetyl-β-D-glucosaminide in 0.04 mol/L sodium citrate
at pH 4.5) was added to each sample (30 μL) and incu-
bated for 1 hour at 37°C under gentle rotation. To stop the

enzymatic reaction, 150 μL of stop solution (0.2 mol/L
glycine at pH 10.0) was added, and absorbance at 405 nm
was determined using a plate reader (Victor X4 Multilabel
Plate Reader, Perkin Elmer, Waltham, MA, USA). The per-
centage of degranulation was calculated using the following
formula: Degranulation rate (%) = 100 × absorbance of
supernatant / (absorbance of supernatant + absorbance of
cell lysate).

Ovalbumin-induced allergic rhinitis model
Immunization and nasal challenge with ovalbumin (OVA;
Sigma) were performed by previously described protocols,
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FIGURE 3. Therapeutic potential of DHL-HisZn after establishment of OVA-induced allergic rhinitis. The mice with allergic rhinitis after 7 injections of OVA
(n = 6) were divided into 2 groups: a control group (continue, n = 3) and a DHL-HisZn treatment group (control shift to DHL-HisZn, 10 mg/kg, n = 3). *p <

0.05 and **p < 0.01, respectively (Student t-test). DHL-HisZn = sodium zinc histidine dithiooctanamide; OVA = ovalbumin.

with some modification. Briefly, BALB/c mice (n = 18) were
immunized twice intraperitoneally with a precipitate (100
μL/mouse) of alum (2 mg; Thermo Fisher Scientific, Rock-
ford, IL, USA) and OVA (20 μg), with a 2-week inter-
val. To evaluate the preventive potential of DHL-HisZn,
10 mg/kg of DHL-HisZn (n = 6) or normal saline (n = 6)
was intraperitoneally administered before the daily nasal
challenge with OVA (50 mg/mL, 10 μL/mouse). To evalu-
ate the therapeutic potential of DHL-HisZn, we prepared
allergic rhinitis mice by seventh nasal challenge with OVA,
and 10 mg/kg of DHL-HisZn (n = 3) or normal saline (n =
3) was intraperitoneally administered before the continual
daily nasal challenge with OVA (50 mg/mL, 10 μL/mouse).
To evaluate the allergic rhinitis-like symptoms, sneezing
and nasal rubbing were counted for 5 minutes after OVA
nasal challenge.

Oxidative stress markers
Serum nitrate levels were measured using an oxide analyzer
(Sievers Nitric Oxide Analyzer NOA 280i, GE Analytical
Instruments, Boulder, CO, USA) according to the manufac-
turer’s instructions.

OVA-specific immunoglobulins
The serum levels of OVA-specific IgG1, IgG2a, and IgE
were determined by enzyme-linked immunoassay (ELISA),
as described previously.31 Briefly, OVA solution (50
mg/mL, in phosphate-buffered saline [PBS]) was used to
coat 96-well microplates (Nalgene Nunc International,
Roskilde, Denmark) and incubated overnight at 4°C.
The plate was then blocked with 1% (w/v) BSA/PBS for
2 hours at 37°C, and serum samples (IgG1: 10,000× dilu-
tion; IgG2a: 1000× dilution; IgE: 10× dilution with block-
ing buffer) were added to each well and incubated for
2 hours at 37°C. Next, biotin-conjugated antimouse IgG1,
IgG2a, or IgE (250× dilution; BD Biosciences, San Jose,

CA, USA) was added and incubated at 37°C for 1.5 hours.
Streptavidin–horseradish peroxidase (200× dilution; R&D
Systems, Minneapolis, MN, USA) was then added and
incubated at 37°C for 1 hour, followed by the addition
of substrate solution (1-Step Ultra TMB, Thermo Fisher,
Waltham, MA, USA). The absorbance at 450 nm was then
measured using a plate reader (Victor X4 Multilabel Plate
Reader, PerkinElmer).

Cytokine production in splenocytes
Splenocytes (1 × 105 cells) from mice after final OVA
nasal challenge were cultured for 72 hours at 37°C in the
presence of OVA (200 μg/mL) in RPMI-1640 medium
(Invitrogen) supplemented with penicillin-streptomycin
(Invitrogen) and 10% FBS (Invitrogen). The supernatants
were then collected, and interferon (IFN)-α, interleukin
(IL)-4, IL-5, IL-10, IL-13, and IL-17 levels were measured
using ELISA development kits (DuoSet, R&D Systems)
according to the manufacturer’s protocols.

Characterization of regulatory T cells
Splenocytes (1 × 106 cells) from naive animals were cul-
tured for 72 hours at 37°C in the presence of DHL-
HisZn (50, 100, 200 and 250 μmol/L) and 2.5 μg/mL
concanavalin A (Con A). Fc receptors were blocked with
unconjugated anti-CD32 (Fcγ II receptor; BD Pharmin-
gen, San Diego, CA, USA) for 30 minutes. Cells were
incubated with antigen-presenting-cell (APC)-conjugated
anti-CD4 antibody (eBioscience, Thermo Fisher, San
Diego, CA, USA) and phycoerthyrin (PE)-conjugated anti-
CD25 antibody (eBioscience) for 30 minutes at 4°C.
Intracellular staining for Foxp3 was performed using
a BD Cytofix/Cytoperm fixation/permeabilization solu-
tion kit with BD GolgiPlug (BD Bioscience) and Alexa
Fluor 488-conjugated anti-Foxp3 antibody (eBioscience,
Thermo Fisher, San Diego, CA, USA). The proportions
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FIGURE 4. Impact of DHL-HisZn on OVA-specific antibodies. Peripheral
blood was obtained from control (n = 6) and DHL-HisZn-treated groups
(n = 6) before OVA immunization and after final OVA nasal challenge.
Serum OVA-specific IgE (A), IgG1 (B), and IgG2a (C) titers were determined
by ELISA. Each symbol indicates an individual mouse, and bars show the
mean values. **p < 0.01 (Student t-test). DHL-HisZn = sodium zinc histidine
dithiooctanamide; ELISA = enzyme linked immunoassay; Ig = immunoglob-
ulin; NS = not significant; OVA = ovalbumin.

of CD4+CD25+Foxp3+ regulatory T cells (Tregs) were
determined by using a flow cytometer (BD LSRII, BD Bio-
sciences). The production of transforming growth factor-
beta (TGF-β) was quantified using a TGF-β1 rat ELISA kit
(eBioscience, Thermo Fisher, San Diego, CA, USA) accord-
ing to the manufacturer’s instruction.

Statistical analysis
Unpaired 2-tailed Student t-tests in Excel (Microsoft Corp.,
Redmond, WA, USA) were used to determine the signif-
icance of the difference between the normally distributed
means of value in the 2 groups. Each sample was tested in
triplicate, and the results are presented as mean ± standard
deviation. p < 0.05 was considered statistically significant.

Results
U-shaped dose response of DHL-HisZn

on mast-cell degranulation
To demonstrate the effect of antioxidant DHL-HisZn on
mast-cell–mediated allergic response in vitro, BMMCs were
sensitized with anti-DNP IgE and then treated with DHL-
HisZn (62.5, 125, 250, and 500 μmol/L) in the absence or
presence of DNP-BSA. As shown in Figure 1, DHL-HisZn
treatment resulted in a U-shaped dose response on mast-
cell degranulation, suggesting potential adverse effects of
higher doses of DHL-HisZn (>500 μmol/L) on mast-cell
degranulation. Therefore, relatively lower doses of DHL-
HiZn (10 mg/kg in vivo and up to 250 μmol/L in vitro)
were applied in the following studies.

Preventive effect of DHL-HisZn on allergic rhinitis
To explore the induction of oxidative stress over the course
of allergen sensitization in vivo, serum nitrate levels be-
fore and after OVA/alum sensitization were evaluated. As
shown in Figure 2A, OVA/alum-sensitized mice (n = 9)
expressed significantly higher levels of serum nitrate, sug-
gesting involvement of oxidative stress in type I hypersen-
sitivity.

To evaluate the preventive effect of antioxidant DHL-
HisZn on mast-cell-mediated allergic responses in vivo,
OVA/alum–sensitized mice were divided into 2 groups (n =
6 per group), and DHL-HisZn (10 mg/kg) or control vehicle
(normal saline) was intraperitoneally administered before
the daily nasal challenge with OVA. Although no obvious
effect of DHL-HisZn was observed on nasal rubbing
(Fig. 2B), DHL-HisZn significantly ameliorated the symp-
tom of OVA-induced sneezing compared with controls
(Fig. 2C). The elevation of serum nitrate in OVA/alum-
sensitized mice was significantly suppressed by DHL-HisZn
(Fig. 2D).

Therapeutic effect of DHL-HisZn on allergic rhinitis
We next explored the therapeutic potential of
DHL-HisZn on mice with allergic rhinitis. We pre-
pared allergic rhinitis mice by seventh nasal challenge
with OVA (Fig. 2, control). We then divided these control
mice (n = 6) into 2 groups: a control group (n = 3) and
a DHL-HisZn treatment group (n = 3). As shown in
Figure 3, OVA-induced sneezing was maintained at a
higher level by continual nasal challenge with OVA in
the control group (n = 3), whereas it was dramatically
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FIGURE 5. Impact of DHL-HisZn on cytokine release from total splenocytes stimulated with OVA. After final OVA nasal challenge, the mice were euthanized,
and splenocytes were obtained from control (n = 6) and DHL-HisZn-treated groups (n = 6). Splenocytes were stimulated with OVA for 72 hours, and cytokine
levels in culture supernatants were determined by using specific ELISA kits: (A) IFN-γ ; (B) IL-4; (C) IL-5; (D) IL-10; (E) IL-13; and (F) IL-17. Each symbol indicates
an individual mouse, and bars indicate mean values. *p < 0.05 (Student t-test). DHL-HisZn = sodium zinc histidine dithiooctanamide; ELISA = enzyme linked
immunoassay; NS = not significant; OVA = ovalbumin.

suppressed after a second injection of DHL-HisZn in the
treatment group (n = 3).

Effects of DHL-HisZn on OVA-specific immune
responses

To determine the impact of DHL-HisZn on OVA-specific
immune responses, OVA-specific immunoglobulin levels
were evaluated before immunization and after the fi-
nal nasal challenge. As shown in Figure 4, DHL-HisZn

significantly suppressed OVA-specific IgE responses, yet it
enhanced OVA-specific IgG2a response.

To identify the effect of DHL-HisZn on cytokine
profiles, we next evaluated cytokine secretion after the
OVA stimulation of splenocytes from OVA-sensitized
and OVA-challenged mice. As shown in Figure 5, there
was no obvious difference between control-treated and
DHL-HisZn–treated mice on IFN-γ , IL-4, IL-5, IL-10,
and IL-13 levels. On the other hand, IL-17 levels were
significantly suppressed by DHL-HisZn treatment.
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FIGURE 6. Impact of DHL-HisZn on the proportion of CD4+CD25+Foxp3+ regulatory T cells (Tregs). Splenocytes were stimulated with Con A in the presence
of DHL-HisZn (50, 100, 200, and 250 μmol/L) for 72 hours, and the secretion of TGF-β (A) and Treg phenotype (B) were evaluated. (A) TGF-β levels were
quantified by ELISA and the values are presented as the mean ± SD of three independent experiments. (B) A dot plot represents splenic levels of CD4+

and CD25+ cells in Con A blasts with DHL-HisZn (250 μmol/L). The histograms of Foxp3+ cells within CD4+CD25+ cells are representative of 3 independent
experiments. The proportions of CD4+CD25+Foxp3+ Tregs are shown in the right panel. *P < 0.05; * *P < and 0.01, respectively (Student t-test). Con A
= concanavalin A; DHL-HisZn = sodium zinc histidine dithiooctanamide; ELISA = enzyme linked immunoassay; TGF-β = transforming growth factor-beta;
Tregs = regulatory T cells.

Taken together, these data suggest that DHL-HisZn may
affect not only mast-cell-mediated type I hypersensitivity
but also T- and B-cell-mediated immune responses in the
course of the allergic response.

Induction of Treg phenotype by DHL-HisZn
To determine the impact of DHL-HisZn on the generation
of Treg phenotypes in vitro, splenocytes were stimulated
with Con A in the presence of DHL-HisZn (50, 100, 200
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and 250 μmol/L). Although the induction of TGF-β pro-
duction was limited (Fig. 6A), the CD4+CD25+Foxp3+

Treg population was significantly increased by DHL-HisZn
in a dose-dependent manner (Fig. 6B).

Discussion
The impact of oxidative stress on allergic responses is well
documented,5–7 yet little is known about the immunomod-
ulatory effect of antioxidants in type I hypersensitivity. In
this study, we have reported for the first time on the pre-
ventive and therapeutic potential of the α-lipoic acid deriva-
tive, DHL-HisZn, in a mouse model of OVA-induced al-
lergic rhinitis, and that this antioxidant may act through
the promotion of Tregs to suppress mast-cell–, Th2–, and
Th17-cell–mediated allergic responses.

Although some reports have demonstrated the therapeu-
tic impact of α-lipoic acid in allergic responses,21,22 the
guidelines for an α-lipoic acid supplement noted several
adverse effects, including allergic skin rashes and gastroin-
testinal distress.32 Interestingly, our in-vitro data revealed
a U-shaped dose response of DHL-HisZn on mast-cell de-
granulation (Fig. 1). The ideal dosage of an α-lipoic acid
supplement is not clearly described in the current guideline,
but our findings suggest the necessity to test for the optimal
effective dose of an α-lipoic acid supplements in clinical
settings.

In this study, relatively lower doses of DHL-HisZn were
applied for in-vivo and in-vitro assays. Our in-vivo study
clearly demonstrated the preventive and therapeutic po-
tential of DHL-HisZn in a mouse model of OVA-induced
allergic rhinitis (Figs. 2C and 3). In the course of OVA/alum
sensitization, we have confirmed the elevation of serum ni-
trate (Fig. 2A). The elevation of NO and its metabolites
(nitrite and nitrate) is a hallmark of allergy.33–36 Therefore,
a potential mechanism for amelioration of type I hypersen-
sitivity by DHL-HisZn is the reduction of oxidative stress
caused by OVA/alum sensitization (Fig. 2D). NO produc-
tion caused by oxidative stress is known to lead to the
relaxation of blood vessels in the nasal mucosa and deterio-
rates allergic rhinitis.37,38 In addition, oxidative stress acts
on the sympathetic nervous system (SNS) and hypofunc-
tioning of the SNS is associated with allergic rhinitis.39,40

Indeed, modulation of the SNS is one of the therapeutic

options currently in use in the clinic. One recent study
demonstrated the impact of α-lipoic acid on the modulation
of sympathoexcitation in high-salt-induced hypertension.41

This evidence strongly supports the therapeutic potential of
antioxidant DHL-HisZn in allergic rhinitis, partly through
the reduction of oxidative stress and modulation of the
SNS.

In addition, our data suggest another potential mech-
anism of DHL-HisZn, through the modulation of T-
cell–mediated allergic responses. Briefly, DHL-HisZn may
modulate the Th1/Th2 balance through inhibition of Th2-
mediated IgE production and induction of Th1-mediated
IgG2a production (Fig. 4). In addition, DHL-HisZn treat-
ment suppressed IL-17 production in OVA-stimulated
splenocytes obtained from OVA/alum-sensitized and OVA-
challenge mice (Fig. 5). Although splenic IL-10 levels in
DHL-HisZn–treated mice were similar to those of the con-
trol group (Fig. 5), our in-vitro data clearly demonstrated
the induction of Treg phenotype in a dose-dependent man-
ner (Fig. 6). Similar to our study, Wang et al identified
suppression of Th17 cells and the enhancement of splenic
Tregs by α-lipoic acid in a mouse model of experimental au-
toimmune encephalomyelitis.42 Furthermore, recent studies
demonstrated the induction of Tregs by zinc supplementa-
tion in vitro.43,44 These results suggest that the α-lipoic acid
derivative DHL-HisZn may modulate the Th17/Treg bal-
ance, resulting in the amelioration of type I hypersensitivity.

Conclusions
We have demonstrated the preventive and therapeutic po-
tential of a novel α-lipoic acid derivative, DHL-HisZn, on
mast-cell-mediated type I hypersensitivity, partly through
its antioxidant activity as well as its modulation of the
Th1/Th2 and Th17/Treg balances. α-Lipoic acid is widely
recognized as a nutritional health supplement. Therefore,
we expect broad application of this water-soluble α-lipoic
acid derivative for prevention and treatment of allergic dis-
orders in the future.
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