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Abstract: Immune-modulatory effects in obese-diabetes (db/db) mice were observed to understand the
possible mechanism(s) of ephedrine-induced unfavorable responses. The ephedrine doses were selected
based on the FDA report (NTP Tech Rep Ser NO 307; CAS# 134-72-5), which showed the non-toxic dose
for B6C3F1 mice. In db/db mice, higher doses (6 and 12 mg/mouse) of ephedrine significantly harmed
the liver and lung morphology, including fatty liver with multiple blood vessel engorgement, alveolar
wall thickening, and inflammatory response in the lung. The immune micro-environment of db/db mice
was an inflammatory state with suppressed adaptive cellular immunity. After the administration of
ephedrine, significant deterioration of NK activity was observed with lowered gene transcription of klrk1
encoding NKG2D, and of ccl8, a NK cell targeting chemokine. Suppressed cellular immunity in db/db
mice was lowered ever further by single ephedrine treatment, as was evidenced by mitogen-induced T or
B cell proliferations. These observations demonstrate that at the non-toxic doses in normal B6C3F1 mice,
ephedrine clearly suppressed systemic immunity of db/db mice. The data suggest that the immune micro-
environment of obese individuals is fragile and susceptible to ephedrine-related pathologic response,
and this may be a prelude to the induction of obesity-related secondary immunological disorders.
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1. Introduction

Obesity-related incurable health problems are a social issue that has therapeutic
concerns. Pharmacological therapeutics for obesity, including sympathomimetic drugs, are
classified based on their mechanism of action: suppressors of appetite or fat absorption
and stimulators of energy expenditure or thermogenesis [1–3]. A sympathomimetic agent,
ephedrine enhances the sympathetic neuronal release of norepinephrine and epinephrine,
which makes it useful for bronchial airway expansion, suppression of nasal bleeding or
blood pressure induction. As an anti-obesity drug, ephedrine may directly stimulate brown
adipocyte respiration. However, inhibition of appetite, increasing energy consumption,
and weight loss are mainly due to the β-adrenergic receptor stimulation [4,5]. Adrenergic
receptor stimulation also induces cardiovascular side effects, which are a major limiting
factor in the use of ephedrine in obese individuals. In the US, the use of ephedrine has been
banned [6,7]. However, in other countries, including Asian countries, ephedrine in the “Ma
Hwhang” is being used in herbal medicine as an anti-obesity agent.

The link between the obesity-related pathology and immune modulation has been
demonstrated in an animal model as well as in human patients. Although ephedrine is
useful for short-term weight loss, it may affect systemic immunity in obese individuals as a
pathological mechanism. The ephedrine-induced alteration of β-adrenergic receptors in
the human lymphocytes was observed [8,9]. In NZM391 mice, beta-adrenergic receptor
activation by ephedrine could cause immune modulation, resulting in aggravation of sys-
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temic lupus erythematous [10]. But until now, ephedrine-induced modulation of systemic
immunity has not been fully observed.

In patients, the obesity phenomenon is characterized as low-grade systemic inflam-
matory response syndrome (SIRS), which is similar to sepsis induced by gram-negative
bacteria [11–14]. Obesity-related cytokine dysregulation and lipotoxicity can cause insulin
resistance and metabolic disease, which can increase the lethality by causing internal organ
destruction or infection [12,13]. Due to the immune-inflammatory micro-environment,
obese individuals may be more susceptible to the effects of ephedrine on the immune
system, which may be a prelude to the induction of secondary diseases like cancer, diabetes,
or rheumatoid arthritis.

Our previous data reveal significantly elevated immune-inflammatory status but
suppressed adaptive cellular immunity in genetically modified obese-diabetes mice (leptin
receptor knock-out db/db mice) [15]. The data confirm increased susceptibility of obese
diabetic mice to alcohol-induced pathologic situations with suppressed adaptive immunity.
Thus, the present demonstration of ephedrine-induced alteration of systemic immunity in
the obese diabetic mouse model (db/db mice) may expand our understanding of obesity.
These results suggest that ephedrine can be considered to accelerate toxicity through the
immunomodulatory effects in obese conditions.

2. Materials and Methods
2.1. Animals

Specific pathogen-free female db/db mice as an obese-diabetic animal model and
C57BL/6J mice, a background control animal of 4~5 weeks of age, were obtained from
Charles River Japan, Inc. (Yokohama, Japan). The db/db mouse was delivered from the
background strain C57BL/6J by spontaneous mutation of leptin receptor (a/a +Leprdb/
+ Leprdb). Without diet control, the db/db mouse became obese at around 3~4 weeks of age
with elevation of plasma insulin level beginning at 10~14 days of age and of plasma sugar
level at 4~8 weeks of age (strain information from The Jackson Laboratory, Bar Harbor,
ME, USA). Five- or six-week-old mice were used in this study. Specific pathogen-free
C57BL/6J naïve mice and db/db mice were provided with water and food ad libitum and
quarantined under 12 h of light. There was also a 12 h dark photoperiod in the animal
care facility. Animal care was performed following the Institute of Laboratory Animal
Resources (ILAR) guidelines. The mice were acclimated for at least one week before any
experiments were conducted.

2.2. Chemicals

RPMI-1640 medium, fetal bovine serum, and penicillin-streptomycin were obtained
from GIBCO laboratories (Grand Island, NY, USA); Con A (Concanavalin A, from Canavalia
ensiformis), LPS (Lipopolysaccharides, from Escherichia coli 055:B5), and Dextran-FITC
were obtained from SIGMA Chemical Co. (St. Louis, MO, USA). [3H]-Thymidine and
Na251CrO4 were purchased from Perkin Elmer Corp. (Norwalk, CT, USA) Antibodies for
phenotype analysis were obtained from eBioscience (San Diego, CA, USA).

2.3. Cell Line

A target of natural killer (NK) cell activity, YAC-1 mouse lymphoma cell line was
purchased from the American Type Culture Collection (ATCC). (Rockville, MD, USA) Cell
line was maintained in RPMI-1640 medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 2 mM glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin
(complete medium).
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2.4. Ephedrine Treatment Schedule

An experimental dose of ephedrine was determined based on the FDA report titled
“Toxicology and Carcinogenesis Studies of Ephedrine Sulfate in F344/N Rats and B6C3F1
Mice” (NTP Tech Rep Ser NO 307; CAS# 134-72-5). The doses of ephedrine selected for this
study were proven to be non-toxic in B6C3F1 mice by observing weight loss, morphological
changes, and survival. Ephedrine (ephedrine hydrochloride, Sigma-Aldrich, WI, USA)
was dissolved in saline and orally administered using a zonde needle into the db/db and
C57BL/6 mice. Each mouse was treated with ephedrine at doses of 3, 6, and 12 mg/mouse
(120 ~ 500 mg/kg in the FDA report CAS# 134-72-5) in the single treatment schedule. In the
preliminary experiment, more than 12 mg of single ephedrine administration resulted in the
death of db/db mice in 2 h. Therefore, the highest single dose was set at 12 mg. Control mice
were orally treated with saline. Twenty-four hours after the administration of ephedrine,
the mice were sacrificed by cervical dislocation to analyze the systemic immunity using
splenocytes and plasma. Other organs, including lung, liver, and kidney, were eliminated,
paraffin-embedded, and stained with H&E to observe the histo-pathological alterations.
Histological observation was performed under the microscope (Leica DM 3000). The picture
was presented as ×200 magnification.

2.5. Phenotype Analysis by Flow Cytometry

Surface markers of immune cells from splenic lymphocytes were determined. Single
cells from the C57BL/6J or db/db mice splenocytes (1 × 106 cells/mL) with or without
ephedrine treatment were incubated with fluorescence (FITC or PE)-labeled surface an-
tibodies in PBS with 0.1% sodium azide and 1% FBS (PBS-CS) for 40 min at 4 ◦C. Either
FITC or PE-conjugated anti-mouse anti-CD19 (for B cells), CD3, CD4, CD8, CD25 (for T cell
subsets), CD11b, Mac3, F4/80 (for macrophages), DX-5 (for NK cells), and CD11c (for
dendritic cells) were selected to analyze the alterations. Within 2 h of antibody labeling,
the cells were analyzed in the flow cytometer (FACS Vantage, Becton-Dickinson, Mountain
View, CA, USA).

2.6. Immune Cell Proliferation Assay

To define the function of immune cells from splenic lymphocytes, induction of prolif-
eration by mitogens Con A (for T cells) or LPS (for B cells) was observed by 3H-Thymidine
incorporation assay using the method performed in the author’s previous study [15]. Re-
sponder splenic lymphocytes (1 × 106 cells/mL) from C57BL/6 or db/db mice with or
without ephedrine treatment were incubated with a 1 µg/mL final concentration of either
Con A or LPS for 96 hrs. Eighteen hours before the harvest, 1µCi 3H-Thymidine was
pulsed. Cells were harvested on the glass fiber filter (Whatman, Maidstone, England) using
a PhD cell harvester (Cambridge Technology, Inc., Cambridge, MA, USA). Scintillation
cocktail (Beckman, Fullerton, CA, USA) was added onto the filter, and the radioactivity in-
corporated into the proliferating cells was measured by a β-scintillation counter (Beckman
LS6500, Fullerton, CA, USA).

2.7. NK Activity

NK activity was measured by 51Cr–release assay from the Na251CrO4 labeled YAC-1
(1 × 105 cells/mL) target cells (T) co-incubated with effector splenic lymphocytes (E) from
the ephedrine-treated mice for 4 h. Radioactivity in the supernatants separated from
the incubated cells was measured by a Wallac 1470 Wizard gamma counter (Finland).
Spontaneous release (SR) and total release (TR) were measured in the supernatants of target
cells incubated with either the culture medium or 1N HCl. Percent NK-cell activity was
calculated as follows:

%NK cell activity = [(Experimental cpm − SR cpm) ÷ (TR cpm − SR cpm)] × 100
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2.8. Macrophage Phagocytosis

Phagocytic ability of F4/80+ macrophages was determined by measuring Dextran-
FITC uptake with a flow cytometer (FACS Vantage, Becton-Dickinson, Mountain View,
CA, USA). Splenic lymphocytes were labeled with anti-F4/80-PE antibodies and incubated
with Dextran-FITC. Double positive (F4/80-PE+ and Dextran-FITC+) cells were analyzed
as phagocytic macrophages.

2.9. Cytokine Micro-Bead Assay

Cytokines secreted into the blood were measured by micro-bead assay (set of assaying
IFN-γ, IL-2, IL-12p70, IL-12p40, IL-10, TNF-α, VEGF) using plasma. Mouse blood was
obtained by ocular-venous puncture using a non-heparinized capillary tube and immedi-
ately centrifuged at 3000 rpm for 10 min to separate the plasma, then aliquoted and stored
at −70 ◦C until assayed. Multiple cytokine analysis kit was obtained from Upstate Cell
Signaling Solutions (Lake Placid, NY, USA). Millipore multi-screen 96 well filter plates
(Bedford, MA, USA) were used in multiplex cytokine kits. Assays were run in triplicate
according to the manufacturers’ protocol. Data were collected using the Luminex-100
system Version 1.7 (Luminex, Austin, TX, USA). Data analysis was performed using the
MasterPlex QT 1.0 system (MiraiBio, Alameda, CA, USA).

2.10. Gene Microarray: Target Labeling and Hybridization of Microarray

cDNA microarray was performed with lymphocytes separated from the spleen. For
DNA microarray experiments, the synthesis of target cRNA probes was performed using
Agilent Low RNA Input Linear Amplification kit (Agilent Technology, Santa Clara, CA,
USA) according to the manufacturer’s instructions. Briefly, 1 µg of the total RNA was
labeled with Cy3 or Cy5 fluorescent dye using Agilent labeling kit. Labeled cRNA was
purified on RNase mini column (Qiagen) according to the manufacturer’s protocol. Labeled
cRNA target was quantified using ND-1000 spectrophotometer (NanoDrop Technologies,
Inc., Wilmington, DE, USA).

2.11. Statistical Analysis

Each experimental group contained 5~6 mice for one experiment. The experiments
were repeated 3~4 times using the same protocol. Data are expressed as mean ± standard
error (SE). Significant differences among the treatment groups were calculated by analyses
of variance (ANOVA) using Bonferroni correction. Differences were considered to be
statistically significant at p < 0.05

3. Results
3.1. Effects of Ephedrine on the Tissues and Body Weight

At the beginning of the experiments, the average body weight of db/db mice was about
twice greater than that of normal C57BL/6J mice (41.53 + 1.24 g vs. 22.5 + 0.76 g for db/db
mice and C57BL/6J mice, respectively). Severe internal organ atrophy was observed with
packed visceral fat in db/db mice. Single administration of ephedrine did not significantly
affect the body weight of C57BL/6J or db/db mice. The most significant pathologic finding
induced by ephedrine administration in the liver was multiple blood engorgement, which
was observed only in the db/db mice (Figure 1A). Unlike liver toxicity induced by higher
doses of ephedrine, diffused thickening of the alveolar wall was observed at all doses in
the db/db mice (Figure 1B).
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Figure 1. Histo-pathological changes induced by ephedrine administration. (A) Liver of normal
C57BL/6 and db/db mouse. (B) Lung and liver of db/db mouse. Sites for the blood engorgement
(liver) or alveolar wall thickening and inflammatory response (lung) were indicated with arrows.
H&E stained tissues were observed under the microscope with ×200 magnification.

3.2. Ephedrine Reduced the Number of Splenocytes in db/db Mice

With significant spleen tissue atrophy, the total number of splenocytes was lower in
db/db mice compared to C57BL/6J mice. Administration of ephedrine significantly reduced
the number of splenocytes in db/db mice (Figure 2A). On the other hand, the tendency
to induction of splenocyte number was observed in C57BL/6 mice by lower doses of
ephedrine treatment (Figure 2A). The number of CD3+ T cells and CD19+ B cells was lower
in db/db mice than in C57BL/6J mice (Figure 2B). Ephedrine tended to reduce both the T
and B cell number in db/db mice, but not in C57BL/6J mice (Figure 2B). The same effect
of ephedrine was observed for T cell subtype alteration. After ephedrine treatment, the
number of CD4+ helper T cell and CD8+ cytotoxic T cell subtype was slightly induced in
C57BL/6J mice but reduced in db/db mice (Figure 2C). The number of immune regulatory
cell was not affected significantly by single administration of ephedrine, as was shown with
a CD4+ 25+ regulatory T cell and Gr1 + CD115+ myeloid-derived (monocytic) suppressor
cell population in both strains of mice (Figure 2D). The number of dendritic cells (CD11c+)
or NK cells (DX5+) tended to decrease by ephedrine in db/db mice (Figure 2E). Monocyte
(CD11b+) number was increased by ephedrine in C57BL/6J mice but decreased in db/db
mice (Figure 2F). Modulation of the activated macrophage (Mac3+) number was significant
in db/db mice but not in C57BL/6J mice (Figure 2F).
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Figure 2. Effect of ephedrine on the splenic immune cell number. Gross number of splenocytes
expressing the following phenotypes was counted. (A) Total splenocytes. (B) CD3+ T cells and CD19+

B cells in the spleen. (C) T cell subtypes: CD4+ helper T cells, CD8+ cytotoxic T cells. (D) Immune
regulatory (suppressor) cells: CD4+25+ regulatory T cells, Gr1+CD115+ myeloid-derived suppressor
cells. (E) CD11c+ dendritic cells and DX5+ natural killer cells. (F) CD11b+ monocytes and Mac3+

activated macrophages. Plus signs represent the statistical significance of ephedrine effect in the
db/db mice (+ p < 0.05).

3.3. Effects of Ephedrine on the Natural Killer Cell (NK) Activity

Without ephedrine administration, the background level of NK cell activity in db/db
mice was significantly higher than that in normal C57BL/6J mice, which confirmed the
immune-inflammatory microenvironment in the db/db mice (Figure 3). Splenic NK cell
activity of db/db mice was significantly repressed below the detection limit by administration
of ephedrine (Figure 3). On the other hand, ephedrine treatment increased the NK activity
in C57BL/6J mice (Figure 3).

3.4. Effects of Ephedrine on the Macrophage Function

Ephedrine administration affected the splenic-macrophage phagocytic function. Among
the splenocytes, dextran uptaking F4/80 + cells (F4/80-PE + dextran-FITC+ double positive
detected by flow cytometry) were considered as phagocytic macrophages. Without external
stimulation, phagocytic macrophage proportion was similar in db/db mice and in C57BL/6J
mice (Figure 4). However, induction of phagocytic macrophage response to ephedrine admin-
istration (lower doses; 3 or 6 mg/mouse) was significant only in db/db mice (Figure 4).
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Figure 4. Effect of ephedrine on the macrophage (MP) phagocytosis. Phagocytic ability was deter-
mined by measuring dextran-FITC taken F4/80+ MPs by flow cytometry. F4/80-PE and Dextran-FITC
double positive cells were regarded as phagocytic MPs. Plus signs indicate the statistical significance
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3.5. Effects of Ephedrine on Mitogen-Induced Lymphocyte Proliferation

Compared to normal C57BL/6J mice, splenic lymphocyte function was significantly
defective in the db/db mice as determined by a mitogen-induced lymphocyte proliferation
assay (Figure 5). With ephedrine administration, the background proliferation level and
the responses to the T cell-specific mitogen, concanavalin A (ConA), and the B cell-specific
mitogen of bacterial origin, lipopolysaccharide (LPS), were significantly inhibited in db/db
mice (Figure 5). In C57BL/6J mice, the splenic lymphocyte proliferation without mitogen
stimulation was not altered by ephedrine administration. However, the mitogen-induced T
or B cell proliferation was inhibited by single administration of ephedrine also in C57BL/6J
mice (Figure 5).
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stimulation. Asterisks indicate the significant difference between the db/db mice and C57BL/6 mice
(* p < 0.05). Plus signs represent the significant (+ p < 0.05) effect of ephedrine in the db/db mice. Hash
signs represent the significant (# p <0.05) effect of ephedrine in the C57BL/6 mice.

3.6. Alteration of Cytokine Secretion Induced by Ephedrine

Plasma levels of IFN-γ, IL-2, IL-12p70, IL-12p40, IL-10, and TNF-α, and vascular
endothelial growth factor (VEGF) were determined in the cytokine detection set. The
plasma levels of IFN-γ, IL-2, IL-12p40, TNF-α, and VEGF were under the detection limit
(<10 pg/mL) and/or were not altered by ephedrine administration in db/db mice. The
levels of IL-12p70 and IL-10, the representative cytokines for modulation of T cell-related
adaptive immunity, were detectable and significantly lower in db/db mice compared to
C57BL/6J mice (Figure 6A,B). Single administration of ephedrine increased the plasma
level of IL-12p70, a Th1 response inducer, in db/db mice but decreased the level in C57BL/6J
mice without dose-dependency (Figure 6A). In C57BL/6J mice, the plasma level of IL-10
was significantly decreased with lower doses (3 or 6 mg/mouse) ephedrine (Figure 6B).
However, ephedrine-induced alteration was not significant for the IL-10 secretion in db/db
mice (Figure 6B).

3.7. Effect of Ephedrine on Immune-Related Gene Expression (Microarray Analysis)

To observe the differential gene expression related to the ephedrine-induced immune
modulation, RNA was prepared from the spleens of db/db mice and microarray analysis
was performed. Single administration of ephedrine lowered the transcription levels of the
antigen-specific immunity-related genes in db/db mice. Lowered levels of genes encoding
major histocompatibility complexes (H2-Ob, H2-Q1), co-stimulatory molecule (Cd86), and
heat shock proteins (Hspa12a, Hspa1a for HSP70) were observed (Figure 7). Reduced levels
of klrk1 (killer cell lectin like receptor subfamily k) encoding NKG2-D and ccl8 encoding
chemokine targeting NK cells were observed, suggesting the mechanism(s) significantly
decreased NK activity in the ephedrine treatment group. Genes for CXCL4 or 7, the
chemokines that play a role in angiogenesis-angiostasis, were induced along with the
calcium channel-related genes like calm3 (calmodulin 3) and cacnb1. The gene for a fatty
acid translocase, CD36, was induced by ephedrine in db/db mice.
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4. Discussion

Our findings show that ephedrine suppressed systemic immunity and the immune
micro-environment; this was particularly observed in db/db mice.

Obesity is a chronic immune-inflammatory disease that causes incurable adult health
problems such as type II diabetes, cardiovascular disorders, and cancer [16–19]. Previously,
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we reported the baseline systemic immune-inflammatory status of db/db mice, which was
suppressed in adaptive cellular immunity [15]. Our results showed that without the effects
on the body weight, single treatment of ephedrine significantly harmed the liver and lung
morphology of db/db mice but not of C57BL/6J background wild type mice (Figure 1). The
fatty liver of db/db mice worsened with multiple blood vessel engorgement after ephedrine
administration. Also, the alveolar wall thickening and inflammatory response in the lung
of db/db mice were the pathologic phenomena observed with ephedrine treatment. Both the
innate and adaptive immunity of db/db mice was modulated by ephedrine treatment. In
the db/db mice, macrophages and natural killer cells of the innate immune-inflammatory
system were significantly activated without any external stimuli, comparable to infection-
induced immune responses in naïve mice [20,21]. This abnormal immune-inflammatory
status of the db/db mice was altered after the administration of ephedrine. Significant
deterioration of NK activity was observed after the ephedrine administration (Figure 3),
with lowered transcription of klrk1 (Figure 7) encoding NKG2D, the killer cell activating
receptor. Also, a reduced level of ccl8 transcription, a gene for NK cell targeting chemokine
was observed (Figure 7). These may represent the molecular mechanisms of ephedrine-
induced NK activity inhibition in db/db mice. On the other hand, the macrophage function
tended to increase without statistical significance with ephedrine treatment, although
the cell number in the spleen was reduced. Decreased proliferative function of splenic
lymphocytes, including both T and B cells in db/db mice, was lowered even further by
ephedrine, indicating the suppression of adaptive immunity. With the inhibited immune
cell proliferative responses, the reduction of genes for the antigen-recognition for adaptive
cellular immunity induction was observed in the ephedrine-treated db/db mice. Major
histocompatibility (MHC) molecules (H2-Ob, H2-Q1), co-stimulatory molecule Cd86, and
heat shock protein Hsp70 (Hspa12a, Hspa1a) gene expression decreased by ephedrine
(Figure 7). Generally, optimal activation of T cells requires two signals. The first signal
is generated by binding of the T cell receptor (TCR) to Ag-MHC complexes on the Ag-
presenting cell (APC). The second signal involves interaction of CD80 and CD86 on an
APC with CD28 that is expressed on T cells [10,12,22]. Resting B cells do not express
CD86, and interaction of CD86 with CD28 delivers positive signals for T cell and B cell
activation [11,23,24]. These results suggest that ephedrine-inhibited CD80, H2-Ob, and
H2-Q1 expression may cause inhibition of B cell and T cell activation and proliferation and
induce impairment of antigen-specific cellular immunity [25–27].

Induction of cxcl4 and cxcl7, the genes for angiostasis–angiogenesis-related chemokines,
was observed after the ephedrine treatment in obese-diabetes mice [28–31]. These alter-
ations may have a pathological significance in the ephedrine-induced cardiovascular effects
through the alteration of angiogenesis, but they need to be studied further.

In this study, the correlation between the already known adrenergic receptor-related
activity and systemic immune modulation was not investigated. Further studies exploring
the relationship between these two mechanisms of action would be valuable.

Although this study reveals the immune-modulatory phenomena induced by ephedrine
without detailed mechanism discussion, ephedrine clearly alters the systemic immunity of
db/db mice, suggesting the possible immuno-pathological effect of ephedrine on obese indi-
viduals. These observations suggest that ephedrine treatment induces changes in systemic
immunity, notably exacerbating the situation in mice with compromised immune systems,
such as db/db mice. In summary, this study shows that ephedrine-induced deterioration of
NK activity and cellular immunity may increase the susceptibility of obese individuals to
infection and cancer.

Author Contributions: Conceptualization, H.L. and S.-h.L.; methodology, S.-h.L. and R.P.; investi-
gation, H.L. and S.-h.L. writing—original draft preparation, H.L. and S.-h.L., writing—review and
editing, H.L. and R.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Research Foundation of Korea (NRF), grant number
‘2020R1F1A107633712’ and ‘RS-2023-00239974’.



Curr. Issues Mol. Biol. 2023, 45 10107

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board (or Ethics Committee) of YONGIN UNIVERSITY (YUACUC-2023-06).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rohm, T.V.; Meier, D.T.; Olefsky, J.M.; Donath, M.Y. Inflammation in obesity, diabetes, and related disorders. Immunity 2022,

55, 31–55. [CrossRef]
2. Saad, B. Prevention and Treatment of Obesity-Related Inflammatory Diseases by Edible and Medicinal Plants and Their Active

Compounds. Immuno 2022, 2, 609–629. [CrossRef]
3. Li, M.; Cheung, B.M. Pharmacotherapy for obesity. Br. J. Clin. Pharmacol. 2009, 68, 804–810. [CrossRef]
4. Sharma, D.; Farrar, J.D. Adrenergic regulation of immune cell function and inflammation. Semin. Immunopathol. 2020, 42, 709–717.

[CrossRef] [PubMed]
5. Xiao, H.; Li, H.; Wang, J.-J.; Zhang, J.-S.; Shen, J.; An, X.-B.; Zhang, C.-C.; Wu, J.-M.; Song, Y.; Wang, X.-Y.; et al. IL-18 cleavage

triggers cardiac inflammation and fibrosis upon β-adrenergic insult. Eur. Heart J. 2018, 39, 60–69. [CrossRef]
6. Lipka, A.F.; Vrinten, C.; van Zwet, E.W.; Schimmel, K.J.; Cornel, M.C.; Kuijpers, M.R.; Hekster, Y.A.; Weinreich, S.S.; Verschuuren,

J.J. Ephedrine treatment for autoimmune myasthenia gravis. Neuromuscul. Disord. 2017, 27, 259–265. [CrossRef]
7. Kaplan, L.M. Pharmacologic Therapies for Obesity. Gastroenterol. Clin. N. Am. 2010, 39, 69–79. [CrossRef]
8. Kwon, Y.; Mehta, S.; Clark, M.; Walters, G.; Zhong, Y.; Lee, H.N.; Sunahara, R.K.; Zhang, J. Non-canonical β-adrenergic activation

of ERK at endosomes. Nature 2022, 611, 173–179. [CrossRef]
9. Galvan, D.L.; Danesh, F.R. β2-adrenergic receptors in inflammation and vascular complications of diabetes. Kidney Int. 2017,

92, 14–16. [CrossRef] [PubMed]
10. Deretic, V. Autophagy in leukocytes and other cells: Mechanisms, subsystem organization, selectivity, and links to innate

immunity. J. Leukoc. Biol. 2016, 100, 969–978. [CrossRef] [PubMed]
11. Lanzavecchia, A.; Sallusto, F. Toll-like receptors and innate immunity in B-cell activation and antibody responses. Curr. Opin.

Immunol. 2007, 19, 268–274. [CrossRef] [PubMed]
12. Dixit, V.D. Adipose-immune interactions during obesity and caloric restriction: Reciprocal mechanisms regulating immunity and

health span. J. Leukoc. Biol. 2008, 84, 882–892. [CrossRef]
13. Wolowczuk, I.; Verwaerde, C.; Viltart, O.; Delanoye, A.; Delacre, M.; Pot, B.; Grangette, C. Feeding Our Immune System: Impact

on Metabolism. J. Immunol. Res. 2008, 2008, 639803. [CrossRef]
14. Karagiannides, I.; Pothoulakis, C. Obesity, innate immunity and gut inflammation. Curr. Opin. Gastroenterol. 2007, 23, 661–666.

[CrossRef] [PubMed]
15. Lee, S.E.; Jang, I.S.; Park, J.S.; Lee, J.H.; Lee, S.Y.; Baek, S.Y.; Lee, S.H.; Lee, H. Systemic immunity of obese-diabetes model (db/db)

mice. Mol. Cell. Toxicol. 2010, 6, 143–149. [CrossRef]
16. Wolin, K.Y.; Carson, K.; Colditz, G.A. Obesity and Cancer. Oncologist 2010, 15, 556–565. [CrossRef]
17. Calle, E.E.; Thun, M.J. Obesity and cancer. Oncogene 2004, 23, 6365–6378. [CrossRef]
18. Walsh, J.S.; Vilaca, T. Obesity, Type 2 Diabetes and Bone in Adults. Calcif. Tissue Int. 2017, 100, 528–535. [CrossRef] [PubMed]
19. Scherer, P.E.; Hill, J.A. Obesity, Diabetes, and Cardiovascular Diseases. Circ. Res. 2016, 118, 1703–1705. [CrossRef]
20. Tian, Z.; Sun, R.; Wei, H.; Gao, B. Impaired natural killer (NK) cell activity in leptin receptor deficient mice: Leptin as a critical

regulator in NK cell development and activation. Biochem. Biophys. Res. Commun. 2002, 298, 297–302. [CrossRef]
21. Park, S.; Rich, J.; Hanses, F.; Lee, J.C. Defects in innate immunity predispose C57BL/6J-Leprdb/Leprdb mice to infection by

Staphylococcus aureus. Infect Immun. 2009, 77, 1008–1014. [CrossRef]
22. Abuwarwar, M.H.; Baker, A.T.; Harding, J.; Payne, N.L.; Nagy, A.; Knoblich, K.; Fletcher, A.L. In Vitro Suppression of T Cell

Proliferation Is a Conserved Function of Primary and Immortalized Human Cancer-Associated Fibroblasts. Int. J. Mol. Sci. 2021,
22, 1827. [CrossRef] [PubMed]

23. Kwaifa, I.K.; Bahari, H.; Yong, Y.K.; Noor, S.M. Endothelial Dysfunction in Obesity-Induced Inflammation: Molecular Mechanisms
and Clinical Implications. Biomolecules 2020, 10, 291. [CrossRef] [PubMed]

24. Hildebrandt, X.; Ibrahim, M.; Peltzer, N. Cell death and inflammation during obesity: “Know my methods, WAT(son)”. Cell
Death Differ. 2023, 30, 279–292. [CrossRef] [PubMed]

25. Zheng, F.-H.; Wei, P.; Huo, H.-L.; Xing, X.-F.; Chen, F.-L.; Tan, X.-M.; Luo, J.-B. Neuroprotective Effect of Gui Zhi (Ramulus
Cinnamomi) on Ma Huang- (Herb Ephedra-) Induced Toxicity in Rats Treated with a Ma Huang-Gui Zhi Herb Pair. Evidence-Based
Complement. Altern. Med. 2015, 2015, 913461. [CrossRef] [PubMed]

26. He, W.; Ma, J.; Chen, Y.; Jiang, X.; Wang, Y.; Shi, T.; Zhang, Q.; Yang, Y.; Jiang, X.; Yin, S.; et al. Ephedrine hydrochloride protects
mice from staphylococcus aureus-induced peritonitis. Am. J. Transl. Res. 2018, 10, 670–683. [PubMed]

27. Lee, M.K.; Cheng, B.W.H.; Che, C.T.; Hsieh, D.P.H. Cytotoxicity assessment of Ma-huang (Ephedra) under different conditions of
preparation. Toxicol. Sci. 2000, 56, 424–430. [CrossRef]

https://doi.org/10.1016/j.immuni.2021.12.013
https://doi.org/10.3390/immuno2040038
https://doi.org/10.1111/j.1365-2125.2009.03453.x
https://doi.org/10.1007/s00281-020-00829-6
https://www.ncbi.nlm.nih.gov/pubmed/33219396
https://doi.org/10.1093/eurheartj/ehx261
https://doi.org/10.1016/j.nmd.2016.11.009
https://doi.org/10.1016/j.gtc.2010.01.001
https://doi.org/10.1038/s41586-022-05343-3
https://doi.org/10.1016/j.kint.2017.03.024
https://www.ncbi.nlm.nih.gov/pubmed/28646990
https://doi.org/10.1189/jlb.4MR0216-079R
https://www.ncbi.nlm.nih.gov/pubmed/27493243
https://doi.org/10.1016/j.coi.2007.04.002
https://www.ncbi.nlm.nih.gov/pubmed/17433875
https://doi.org/10.1189/jlb.0108028
https://doi.org/10.1155/2008/639803
https://doi.org/10.1097/MOG.0b013e3282c8c8d3
https://www.ncbi.nlm.nih.gov/pubmed/17906444
https://doi.org/10.1007/s13273-010-0021-6
https://doi.org/10.1634/theoncologist.2009-0285
https://doi.org/10.1038/sj.onc.1207751
https://doi.org/10.1007/s00223-016-0229-0
https://www.ncbi.nlm.nih.gov/pubmed/28280846
https://doi.org/10.1161/CIRCRESAHA.116.308999
https://doi.org/10.1016/S0006-291X(02)02462-2
https://doi.org/10.1128/IAI.00976-08
https://doi.org/10.3390/ijms22041827
https://www.ncbi.nlm.nih.gov/pubmed/33673197
https://doi.org/10.3390/biom10020291
https://www.ncbi.nlm.nih.gov/pubmed/32069832
https://doi.org/10.1038/s41418-022-01062-4
https://www.ncbi.nlm.nih.gov/pubmed/36175539
https://doi.org/10.1155/2015/913461
https://www.ncbi.nlm.nih.gov/pubmed/25691910
https://www.ncbi.nlm.nih.gov/pubmed/29636858
https://doi.org/10.1093/toxsci/56.2.424


Curr. Issues Mol. Biol. 2023, 45 10108

28. Wang, Z.; Huang, H. Platelet factor-4 (CXCL4/PF-4): An angiostatic chemokine for cancer therapy. Cancer Lett. 2013, 331, 147–153.
[CrossRef]

29. Vandercappellen, J.; Van Damme, J.; Struyf, S. The role of the CXC chemokines platelet factor-4 (CXCL4/PF-4) and its variant
(CXCL4L1/PF-4var) in inflammation, angiogenesis and cancer. Cytokine Growth Factor Rev. 2011, 22, 1–18. [CrossRef]

30. Li, L.; Jiang, K.; Li, D.; Li, D.; Fan, Z.; Dai, G.; Tu, S.; Liu, X.; Wei, G. The Chemokine CXCL7 Is Related to Angiogenesis and
Associated with Poor Prognosis in Colorectal Cancer Patients. Front. Oncol. 2021, 11, 754221. [CrossRef]

31. Wu, Q.; Tu, H.; Li, J. Multifaceted Roles of Chemokine C-X-C Motif Ligand 7 in Inflammatory Diseases and Cancer. Front.
Pharmacol. 2022, 13, 914730. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.canlet.2013.01.006
https://doi.org/10.1016/j.cytogfr.2010.10.011
https://doi.org/10.3389/fonc.2021.754221
https://doi.org/10.3389/fphar.2022.914730
https://www.ncbi.nlm.nih.gov/pubmed/35837284

	Introduction 
	Materials and Methods 
	Animals 
	Chemicals 
	Cell Line 
	Ephedrine Treatment Schedule 
	Phenotype Analysis by Flow Cytometry 
	Immune Cell Proliferation Assay 
	NK Activity 
	Macrophage Phagocytosis 
	Cytokine Micro-Bead Assay 
	Gene Microarray: Target Labeling and Hybridization of Microarray 
	Statistical Analysis 

	Results 
	Effects of Ephedrine on the Tissues and Body Weight 
	Ephedrine Reduced the Number of Splenocytes in db/db Mice 
	Effects of Ephedrine on the Natural Killer Cell (NK) Activity 
	Effects of Ephedrine on the Macrophage Function 
	Effects of Ephedrine on Mitogen-Induced Lymphocyte Proliferation 
	Alteration of Cytokine Secretion Induced by Ephedrine 
	Effect of Ephedrine on Immune-Related Gene Expression (Microarray Analysis) 

	Discussion 
	References

