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This study investigated the antihypertensive and immunomodulatory effects of defatted

corn germ hydrolysates (DCGHs) in vivo and their potential regulatory mechanisms.

The systolic blood pressure (SBP) of spontaneously hypertensive rats (SHRs) was

significantly reduced (10.30%) by the long-term intragastric administration of DCGHs

(high doses). Also, there was drastic inhibition of angiotensin-I-converting enzyme

(ACE) activity in the lung, kidney, and heart tissues by 24.53, 22.28, and 12.93%,

respectively. It could regulate the blood pressure by adjusting the balance between

endothelium-derived vasoconstrictor factors and endothelium-derived relaxing factors.

Meanwhile, DCGHs enhanced the phagocytosis of mononuclear macrophages, cellular

immunity, and humoral immunity of ICR mice by increasing the phagocytic index

of mononuclear macrophages (23.71%), ear swelling degree (44.82%), and antibody

levels (52.32%). Moreover, it stimulated the release of immunoactive substances (e.g.,

lysozyme, interferon-γ, immunoglobulin G, and complement 3). Consequently, DCGHs

could suitably be used in the formulation of novel functional foods with antihypertensive

and immunomodulatory properties.

Keywords: defatted corn germ hydrolysates, in vivo study, antihypertensive effect, tissue ACE activity,

immunomodulatory effect

INTRODUCTION

Defatted corn germ (DCG), a by-product of corn germ oil production, is often used as feed,
resulting in a tremendous waste of nutritional value (1). The proteins in DCG are rich and balanced
in most of the essential amino acids and mainly consist of soluble alkali proteins, albumins, and
globulins, with a protein efficiency ratio similar to that of soy protein, and thus, DCG can be
used as a high-quality protein source (2, 3). DCG can produce a significant quantity of active
peptides via protease hydrolysis. Studies have shown that polypeptides have antihypertensive and
immunomodulatory activities, which play an essential role in metabolic regulation and can serve as
functional food ingredients, nutraceuticals, and pharmaceutical additives to improve human health
and prevent diseases (4–6).

Hypertension is a chronic disease in which the blood pressure is higher than
usual [systolic blood pressure (SBP) ≥140 mmHg, diastolic blood pressure ≥90
mmHg] (7). It has the characteristics of high incidence and gradual rejuvenation
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and can cause various diseases, such as cardiovascular disease,
nephropathy, andmyocardial infarction (8). The control of blood
pressure in the body is dependent on the regulation of the
renin-angiotensin system (RAS), and the angiotensin-converting
enzyme (ACE) plays a vital role in the RAS (9). In RAS, renin
acts on angiotensinogen to convert it into angiotensin I (Ang
I), and under the action of ACE, Ang I is converted into
angiotensin II (Ang II), causing an increase in blood pressure
(10). At present, the drugs used to treat hypertension mainly
include calcium channel antagonists, ACE inhibitors, angiotensin
receptor blockers, and β-receptor blockers. However, these drugs
have many side effects, such as skin rashes, disturbance of
taste, dry cough, and allergic reactions (11, 12). Maes et al.
(13) reported that milk protein-derived peptides could lower
blood pressure in vivo by inhibiting the release of endothelin-1
(ET-1) from the endothelial cells of spontaneously hypertensive
rats (SHRs). Alashi et al. (14) indicated that rapeseed peptides
induced antihypertensive effects on SHRs. Therefore, bioactive
substances derived from natural sources, which exert non-toxic
side effects and hypotensive effects, have gradually become the
focus of research.

Immunity protects organisms against harmful foreign bacteria
and viruses (15). The immune system of the body is regulated
by the interactions among macrophages, lymphocytes, and their
immunoactive substances, which is manifested in the promotion
of the growth of the immune organs, proliferation of immune
cells, and release of immunoactive substances (16). Mao et al.
reported that casein peptides obtained via alkaline protease
hydrolysis could mediate immunoregulation by stimulating
the release of ConA-induced lymphocyte proliferation and
interleukin (IL)-2 in mice (5). Sun et al. reported that the
polypeptides from Pleurotus eryngii mycelium could exert
immunomodulatory effects by promoting the proliferation of
macrophages and stimulating the release of tumor necrosis
factor-α (TNF-α), IL-6, nitric oxide (NO), and H2O2 (17). Hence,
the study of food-derived substances with immunomodulatory
properties is gradually receiving widespread research attention.

Therefore, the purpose of this study was to evaluate the
antihypertensive and immunomodulatory effects of DCGHs
through animal experiments to study the more effective
utilization of corn germ oil by-products. The antihypertensive
effect of DCGHs in vivo was evaluated in terms of body
weight (BW), blood pressure, tissue ACE activity, and serum
biochemical indices of SHRs after acute oral and long-term
intragastric administration. Meanwhile, the immunoregulatory
effect of DCGHs was studied by testing the immune organ
indices, phagocytic index of mononuclear macrophages, ear
swelling degree, antibody levels, and serum immunoactive
substance levels in ICR mice.

MATERIALS AND METHODS

Materials
DCG was provided by Sanxing Corn Industry Co., Ltd.
(Shandong, China). ACE with an activity of 0.4U mL−1 was
obtained from pig lungs using the method described by Wu et al.
(18). Captopril, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid, and N-[3-(2-Furyl) acryloyl]-Phe-Gly-Gly were purchased
from Sigma (Shanghai, China). Indian ink was purchased
from Solarbio Technology Co., Ltd. (Beijing, China). The
kits for measuring the levels of renin, Ang II, ET-1, NO,
prostacyclin (PGI2), TNF-α, glutathione-S transferase (GST),
creatine kinase isoenzyme (CK-MB), 2,4-dinitrofluorobenzene
(DNFB), lysozyme, interferon-γ (IFN-γ), immunoglobulins
(IgA, IgG, and IgM), and complement 3 (C3) were purchased
from Senbeijia Biological Technology Co., Ltd. (Nanjing, China).
In addition, 2% sheep red blood cell (SRBC) suspension was
purchased from Senbeijia Biological Technology Co., Ltd. All
other chemicals used in this study were of analytical grade and
purchased from Sinopharm (Shanghai, China).

Preparation of DCGHs
DCGHs was prepared from DCG using the ultrasonic-
assisted enzymatic hydrolysis method, as described in a
previous study (19). Briefly, energy-concentrated dual-
frequency ultrasonic equipment was utilized in pretreating
the substrate before enzymatic hydrolysis. Ultrasonic
treatment was achieved by employing the optimal ultrasonic
conditions from our preliminary study, that is, ultrasonic
power density of 120 W/L, 15min sonication time, and
treatment temperature of 30◦C. After the pretreatment, the
substrate was subjected to enzymatic hydrolysis to obtain
DCGHs under the hydrolysis conditions with a temperature
of 50◦C, a pH of 9.0, an enzyme dosage of 3,000 U/g, and
reaction time of 30min. From the above conditions, a
total protein conversion degree of 63.34% was obtained.
Figure 1 displays the preparation process and the in vivo study
of DCGHs.

Molecular Weight Distribution
The molecular weight distribution of DCGHs was determined
using high-performance liquid size exclusion chromatography.
The selected instrument and chromatographic column were
Agilent 1100 liquid chromatography (Agilent, USA) and TSK-
gel column (G2000, 300 × 7.8mm, Tosoh, Tokyo, Japan),
respectively. Bovine serum albumin (67,000 Da), cytochrome C
(12,500 Da), bacitracin (1,450 Da), and L-tryptophan (204 Da)
were used as standards.

In vivo Blood Pressure-Lowering
Experiment
Animals and Experimental Protocol
All the experiments were approved by the Institutional Animal
Care and Use Committee of Jiangsu University and met the
guidelines of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Thirty 13-week-old male-
specific pathogen-free SHRs were purchased from Vital River
Experimental Animal Technical Co. Ltd. (Beijing, China) (No.
11400700249349). They were raised in the barrier system of
the Laboratory Animal Research Center of Jiangsu University.
The conditions of the breeding room were temperature of 25
± 2◦C, humidity of 50 ± 5%, and daily light-dark cycle of
12 h. Before the administration test, the SHRs were subjected
to a 1-week adaptation period. After a week of acclimatization,
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FIGURE 1 | The flow chart of the preparation process and the in vivo study of DCGHs.

30 SHRs were randomly divided into five groups (n =

6): control (administered a sterile saline solution), captopril
(administered captopril at a dose of 30 mg/kg BW), low-
dose (administered DCGHs at a dose of 500 mg/kg BW),
middle-dose (administered DCGHs at a dose of 1,000 mg/kg
BW), and high-dose (administered DCGHs at a dose of 1,500
mg/kg BW). At the beginning of the administration of these
substances, the SBP of SHRs was measured and recorded
every 3 from 0 to 12 h to perform the acute oral test. The
SHRswere then intragastrically administered the aforementioned
substances (depending on the group) daily for 5 weeks to
perform a long-term administration test. The SBP of SHRs was
measured using the tail-cuff method with an ALC-NIBP non-
invasive blood pressure system once a week (Allcott Biotech
Co. Ltd. Shanghai, China). Each measurement was repeated
three times and the average was recorded. The same person
performed all measurements at the same time of day and
within the same environment to minimize blood pressure
measurement errors.

Determination of Body Weight and Organ Index
In the long-term intragastric administration experiment, the BW
of the SHRs was measured once a week. After 5 weeks, 1.5mL of
chloral hydrate solution (10%) was injected into the abdominal
cavity of SHRs to induce anesthesia, following which the rats
were euthanized and dissected. The celiac artery blood of the
SHRs was collected using blood collection tubes not containing
anticoagulants and stored at 25 ± 2◦C for subsequent use. The
heart, liver, spleen, lung, and kidney of SHRs were excised and

weighed, and the organ index was calculated according to the
following Equation (1):

Organ index (%) =
Organ weight

BW
× 100% (1)

Determination of Tissue ACE Activity
The extraction of ACE and determination of its activity in the
lung, kidney, heart, and artery were performed using the method
described by Guo et al. (20).

Biochemical Index Analysis of Serum
The celiac artery blood of the SHRs collected as described in
section Determination of Body Weight and Organ Index was
stored for 1 h to coagulate spontaneously and then centrifuged
at 3,000 rpm for 10min. The supernatant (serum) was aliquoted
into different centrifuge tubes and stored at 4◦C for further use.
The levels of renin, Ang II, ET-1, NO, PGI2, TNF-α, GST, and
CK-MB in the serum of the SHRs were determined using the
experimental kits described in section Materials. The operation
method referred to the kit instructions (20).

In vivo Immunomodulation Experiment
Arterial
Animals and Experimental Protocol
One hundred and sixty 6-week-old female-specific pathogen-
free ICR mice were obtained from the Laboratory Animal
Research Center of Jiangsu University (Jiangsu, China) (No.
201728221; No. 201726607). The breeding conditions of the
ICR mice were the same as those of the SHRs and complied
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with the animal experiment guidelines described in section
Animals and Experimental Protocol. The immunomodulatory
effect of the ICR mice was evaluated using four tests: I (carbon
clearance test), II (delayed-type hypersensitivity reaction (DTH)
test), III (serum hemolysin test), and IV (serum immunoactive
substance test). Each test (I, II, III, and IV) consisted of 40
ICR mice, which were randomly divided into four groups
(n= 10): control (administered a sterile saline solution), low-
dose (DCGHs administered at a dose of 100 mg/kg BW), middle-
dose (DCGHs administered at a dose of 500 mg/kg BW), and
high-dose groups (DCGHs administered at a dose of 1,000mg/kg
BW). These substances were administered intragastrically daily
for 5 weeks. After the fifth week, the BW of ICR mice in the
four tests were recorded and the body weight gain before and
after the long-term administration experiment was calculated.
Simultaneously, the spleen, thymus, heart, lung, liver, and kidney
of ICR mice subjected to the test IV were excised and weighed
to study the effect of DCGHs on the organ index of ICR mice.
The organ index was calculated by Equation (1) in section
Determination of BodyWeight andOrgan Index. Then, ICRmice
subjected to tests I, II, III, and IV underwent carbon clearance,
DTH, serum hemolysin, and serum immunoactive substance
tests, respectively, to analyze the immunomodulatory effect of
DCGHs on the body after long-term intragastric administration.

Determination of Macrophage Phagocytic Index, Ear

Swelling Degree, and Antibody Levels
The macrophage phagocytic index, ear swelling degree, and
antibody levels of ICR mice were measured using the
carbon clearance (I), DTH (II), and serum hemolysin (III)
tests, respectively.

The carbon clearance test (I) referred to the method described
by Suzuki et al. (21) with some modifications. After long-term
intragastric administration, the tail vein of ICRmice was injected
with diluted Indian ink (100 mL/kg BW). Blood samples (20
µL) were collected from the retro-orbital venous plexus of ICR
mice at the second and tenth minute after the injection and
then immediately added to 2mL of 0.1% Na2CO3 solution.
The optical density (OD) at 600 nm was measured using a
Multiskan spectrum microplate spectrophotometer (Infinite 200
PRO, Tecan Co., Ltd., Germany), and Na2CO3 solution was used
as the control. The phagocytosis index was calculated using the
following equation:

Phagocytic index =
BW

Liver weight + Spleen weight
(2)

×
3

√

lgOD1 − lgOD2

t2 − t1

where OD1 and OD2 are the ODs at times t1 (secondminute) and
t2 (tenth minute), respectively.

The DTH test (II) was performed as described by Sakai et al.
(22) with somemodifications. The abdominal skin of each mouse
was wiped with barium sulfide, shaved, and then 50 µL of 1%
DNFB in acetone-seed oil (1:1) was evenly applied to the area to
sensitize the skin of the mice. After 5 days, the right ears were
challenged with 10 µL of 1% DNFB in acetone-seed oil (1:1), and
the left ears were untreated. After 24 h, the ears with a diameter
of 8mm were removed using a hole punch and weighed. Ear
swelling was expressed as the weight difference between the left
and right ears.

The serum hemolysin test (III) was performed as described by
Tort et al. (23). After the long-term administration experiment,
the ICR mice in test III were intraperitoneally injected with
0.2mL 2% SRBC. After 5 days, the retro-orbital venous plexus
blood of ICR mice was collected in blood collection tubes not
containing anticoagulants and stored at room temperature for
1 h for spontaneous blood coagulation. Next, the blood samples
were centrifuged at 3,000 rpm for 10min, and the serum was
collected and diluted different multiples by the double dilution
method. Then, 100 µL serum of different concentrations and
100 µL 0.5% (v/v) SRBC suspension were added to the micro
hemagglutination test plate in turn. After mixing evenly, they
were placed in a moist flat plate and incubated in an incubator at
37◦C for 3 h. The degree of hemagglutination was observed and
the antibody level was calculated by the following equation:

Antibody level = S1 + 2S2 + 3S3 + . . . + nSn (3)

where 1, 2, 3. . . , n, represent the index of double dilution, S
represents the level of agglutination.

Determination of Serum Immunoactive Substances
The process of immune regulation is often accompanied by
changes in the content of immunoactive substances. The ICR
mice subjected to test IV underwent a serum immunoactive
substances test, and the determination method referred to the
article by Huang et al. (16). The serum of ICR mice was
collected by the aforementioned method in the serum hemolysin
test (III). After centrifugation, the serum was aliquoted into
different centrifuge tubes and stored at 4◦C for use. The levels
of lysozyme, IFN-γ, IgA, IgG, IgM, and C3 in the serum of
ICR mice were determined using the experimental kits described
in section Materials. The operation method referred to the kit
instructions (17).

Statistical Analysis
The experimental data were expressed as the mean ± standard
deviation (SD). The differences between groups were evaluated
using the one-way analysis of variance (ANOVA). The statistical
tests were analyzed using SPSS 19.0 (SPSS Inc., USA) at the
significance levels of p < 0.05 and p < 0.01.

TABLE 1 | Molecular weight distribution of defatted corn germ hydrolysates (DCGHs).

Molecular weight distribution range (Da) >2,000 1,000–2,000 200–1,000 <200

Percentage (%) 36.56 ± 0.45 17.15 ± 0.37 35.97 ± 0.14 10.32 ± 0.31
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RESULTS AND DISCUSSION

Molecular Weight Distribution
The molecular weight composition of peptides is an important
index to evaluate the nutritional value of enzymatic hydrolysate,
which is closely related to the absorption rate and physiological
activity of enzymatic hydrolysate (24, 25). The molecular weight
distributions of the DCGHs prepared using ultrasonic-assisted
enzymatic hydrolysis are presented in Table 1. The fraction
with a molecular weight of more than 2,000 Da accounted for
the largest proportion (36.56%), followed by the range of 200–
1,000 Da (35.97%), 1,000–2,000 Da (17.15%), and <200 Da
(10.32%). Studies have shown that the polypeptide fractions with
larger relative molecular weight prepared by hydrolysis could
effectively utilize the protease in the gastrointestinal tract and
have high biological activity after gastrointestinal digestion, even
reaching or exceeding the functional activity level of traditional
polypeptides (26). The result showed that DCGHswithmolecular
weight >2,000 and 200–1,000 Da accounted for more than
80%, which is similar to the results of the molecular weight
distribution of walnut proteolysis products studied by Liu et al.
(27), indicating that DCGHs may have good biological activity
for application.

In vivo Blood Pressure-Lowering
Experiment
BW and Organ Indices of the SHRs
The BW gain and organ indices are shown in Table 2. In the
whole experiment, the BW gain of the SHRs in the tested groups
was not significantly different from that of the control group
(p > 0.05). In contrast, the BW gain of the SHRs in the captopril
group was significantly lower than that in the control group
(p < 0.01). Although captopril (an ACE inhibitor) has been
prescribed for the treatment of cardiovascular disease, long-term
use could cause some side effects such as vascular edema, rash,
and dyspepsia (28). Hence, the weight of SHRs in the captopril
group was significantly lower than that of the control group. Also,
the organ indices of the SHRs in the tested groups and captopril
group were not significantly different from those in the control
group (p > 0.05), indicating that DCGHs and captopril did not
affect the growth of organs in SHRs.

Blood Pressure of SHRs
In the acute oral intragastric administration experiment,
variations in SBP in different groups of SHRs are shown in
Figure 2A. The SBP of the control group showedminimal change
within 12 h. Compared with the control group, the SBP of the
high-dose and captopril groups decreased significantly during the
first 3 h (p < 0.05), especially in the captopril group (p < 0.01),
which reached the maximum decrease of 25.81 mmHg. At 6 h,
the SBP of the captopril group showed a significant reduction
of 18.46 mmHg compared with the control group (p < 0.01).
In the meantime, the SBP of the middle-dose and high-dose
groups was significantly lower than that of the control group
(p < 0.01), decreasing by 12.23 and 16.89 mmHg, respectively.
After 9 h, the SBP of the tested groups and captopril group
gradually returned to the initial level. Although the captopril T
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FIGURE 2 | Effect of defatted corn germ hydrolysates (DCGHs) on systolic

blood pressure (SBP) of spontaneously hypertensive rats (SHRs). Acute oral

administration (A) and long-term intragastric administration (B). C represents

the control group (sterile saline solution); L, M, and H represent the low-dose,

middle-dose, and high-dose groups of mice administered DCGHs,

respectively; Cap represents the captopril group. *Significantly different (p <

0.05) and **Significantly different (p < 0.01) compared to C (sterile saline

solution) at the same time point.

group exerted a more rapid blood pressure-lowering effect than
the tested groups initially, there was no difference between
the tested groups and the captopril group after 6 h. Cui et al.
(29) studied the antihypertensive effect of milk macromolecular
peptides in the acute oral intragastric administration experiment.
They found that the blood pressure of SHRs in the tested groups
also reached the maximum decline at 6 h. The results initially
showed that DCGHs had an antihypertensive effect in vivo
in a short time, which was consistent with the result of milk
macromolecular peptides.

The SBP of the control, tested, and captopril groups during the
long-term intragastric administration test is shown in Figure 2B.
The SBP of the captopril group was significantly lower than that
of the control group from the first week to the fifth week and
reached the maximum decrease of 29.25 mmHg at the fifth week
(p < 0.01), revealing that the antihypertensive effect of captopril
was rapid and long-lasting. All the tested groups presented a
significant antihypertensive effect on SHRs from the second week

(p < 0.05). The SBP of the high-dose group decreased more
rapidly than that of the control group in the second week and
maintained a downward trend until the fifth week, which attained
the maximum decrease of 18.94 mmHg. In comparison with the
control group, the SBP of the low-dose and middle-dose groups
tended to be stable from the fourth week to the last week and
decreased by 8.97 mmHg (p < 0.05) and 13.93 mmHg (p < 0.01),
respectively, in the last week. The results showed that different
doses of DCGHs also had a long-term and stable antihypertensive
effect on SHRs, especially in the high-dose group. Wu et al. (30)
found that different doses of ACE inhibitory peptides prepared
from soy protein could significantly reduce the blood pressure
of SHRs compared with the control group, which was consistent
with our results. Therefore, DCGHs has good antihypertensive
effect in vivo.

ACE Activity in the Tissues of SHRs
The ACE activity values are presented in Table 3. The ACE
activity of the lung, kidney, heart, and aorta in the tested groups
and captopril group decreased to different degrees than those
in the control group. In comparison with the control group,
ACE activity in the lung tissues of the middle-dose, high-dose,
and captopril groups exhibited a significant reduction of 17.10,
24.53, and 30.83% (p < 0.01), while the low-dose group showed
no significant changes (p > 0.05). Compared to the control
group, ACE activity in the kidney and heart tissues of the
high-dose group showed a significant reduction of 22.28% (p
< 0.01) and 12.93% (p < 0.05), respectively, and the captopril
group exhibited a marked decrease of 34.11% (p < 0.01) and
25.70% (p < 0.01), respectively, while the other tested groups
showed minimal changes (p > 0.05). There were limited changes
in ACE activity in the aorta among the control, tested, and
captopril groups. Previous studies have shown that ACE exists
widely in epithelial cells, neuroepithelial cells, and vascular
endothelial cells in many organs (31). As shown in Table 3, the
low-dose group showed limited effects on ACE activity in the
tissues, the middle-dose group showed significantly reduced ACE
activity in the lung tissues, and the high-dose and captopril
groups showed significantly reduced ACE activity in the lung,
kidney, and heart tissues. Moreover, DCGHs showed a dose-
response relationship with ACE inhibitory activity. Therefore,
DCGHs could exert an antihypertensive effect by inhibiting
ACE activity in the lung, kidney, and heart tissues. Guo
et al. (32) found that the corn germ peptides, prepared by an
enzymatic membrane reactor with a new gradient diafiltration
feeding working-mode (processing duration of 660min), could
significantly increase the tissue ACE activity of SHRs in a
long-term intragastric administration. DCGHs can therefore be
compared to corn germ peptides since they have similar ACE
inhibitory activity in the body, and its preparation process
(ultrasonic-assisted) makes full use of the protein resources of
DCG, which dramatically shortens the enzymatic hydrolysis time
and reduces energy consumption.

Serum Biochemical Indices of SHRs
The endothelium-derived vasoconstrictor factors (EDCFs) and
endothelium-derived relaxing factors (EDRFs) secreted by
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TABLE 3 | ACE activity in the different tissues of SHRs.

Group Lung Kidney Heart Aorta

Control 946.93 ± 86.71 996.04 ± 66.71 739.81 ± 29.83 1436.04 ± 69.83

Low 910.48 ± 53.7 908.70 ± 83.70 728.70 ± 25.67 1392.00 ± 75.67

Middle 785.84 ± 68.70** 911.67 ± 38.73 711.67 ± 72.02 1347.01 ± 72.00

High 714.64 ± 41.67** 774.08 ± 61.67** 644.08 ± 47.01* 1381.67 ± 67.00

Cap 654.93 ± 34.08** 656.20 ± 84.08** 549.67 ± 61.67** 1343.60 ± 31.67

Control represents the control group (sterile saline solution); low, middle, and high represent the low-dose, middle-dose, and high-dose groups of defatted corn germ hydrolysates

(DCGHs), respectively; Cap represents the captopril group.

*Significant differences (p < 0.05) compared to the control group. **Significant differences (p < 0.01) compared to the control group.

TABLE 4 | Serum biochemical indices of SHRs after long-term intragastric administration.

Group Renin (ng/L) Ang II (ng/L) PGI2 (ng/L) ET-1 (ng/L) TNF-α (ng/L) NO (µmol/L) GST (ng/mL) CK-MB (ng/mL)

Control 74.60 ± 4.10 174.17 ± 7.07 109.29 ± 10.58 81.25 ± 8.20 8.28 ± 0.28 20.23 ± 1.84 22.07 ± 1.51 133.00 ± 4.43

Low 75.42 ± 7.72 167.41 ± 5.51 106.27 ± 11.33 80.22 ± 6.95 7.61 ± 0.12* 25.03 ± 2.84 23.68 ± 1.00 135.81 ± 2.43

Middle 64.15 ± 3.08* 155.70 ± 5.16** 108.68 ± 6.68 78.11 ± 4.96 7.63 ± 0.51* 25.58 ± 3.70* 22.90 ± 0.74 130.72 ± 2.70

High 63.69 ± 3.10* 155.36 ± 7.46** 113.68 ± 8.05 62.06 ± 9.17** 7.57 ± 0.18* 27.62 ± 2.28** 23.43 ± 1.07 130.64 ± 2.70

Cap 83.98 ± 4.47* 151.01 ± 7.91** 132.88 ± 8.05** 58.36 ± 5.80** 7.41 ± 0.39** 22.19 ± 2.55 25.56 ± 0.90** 141.82 ± 8.93*

Control represents the control group (sterile saline solution); low, middle, and high represent the low-dose, middle-dose, and high-dose groups of defatted corn germ hydrolysates

(DCGHs), respectively; Cap represents the captopril group.

*Significant differences (p < 0.05) compared to the control group. **Significant differences (p < 0.01) compared to the control group.

vascular endothelial cells can regulate blood pressure and
endothelial function (20). To further explore the mechanism
underlying the antihypertensive effects of DCGHs in vivo, the
serum biochemical indicators of SHRs were analyzed. As shown
in Table 4, compared with the control group, the content of
renin in the middle-dose and high-dose groups showed a
marked decrease of 14.01 and 14.62% (p < 0.05), while the
content of renin in the captopril group significantly increased
by 12.57% (p < 0.05). In addition to the low-dose group, the
content of Ang II in the middle-dose, high-dose, and captopril
groups was significantly different from that in the control group
(p < 0.01), representing a decrease of 10.60, 10.80, and 13.30%,
respectively. Renin (an EDCF) initiates the RAS chain reaction
and causes an increase in blood pressure. The expression of RAS
promotes the production of Ang II (an EDCF), which regulates
vasoconstriction and stimulates the vascular endothelial cells to
secrete ET-1 (an EDCF) (33). The results showed that DCGHs
could regulate blood pressure by promoting the production of
renin and Ang II, while captopril had a rapid antihypertensive
effect, resulting in a fast decrease in Ang II levels. This led to
an increase in renin content to maintain the balance of the
RAS. As shown in Table 4, the content of ET-1 (an EDCF)
in the high-dose and captopril groups decreased significantly
by 23.62% (p < 0.01) and 28.17% (p < 0.01), respectively,
compared with the control group. The content of NO (an
EDRF) in the tested and captopril groups increased significantly
compared with the control group (p < 0.05); particularly, in
the high-dose group, NO content increased by 36.53% (p <

0.01). ET-1 (an EDCF), a subtype of endothelin, has the effect
of regulating vasoconstriction (13). NO (an EDRF) has the
effect of protecting vascular smooth muscle tissue, regulating

angiogenesis, and preventing harmful blood vessel contraction
(34). The results indicated that DCGHs could exert a hypotensive
effect by inhibiting the release of ET-1 and promoting the release
of NO. PGI2 (an EDRF) can relax smoothmuscle cells of different
blood vessel beds to regulate systemic vascular tone (35). The
results in Table 4 show that PGI2 content in the tested groups
showed less change compared with the control group (p > 0.05),
while that of the captopril group increased significantly by
21.58% compared with the control group (p < 0.01). Therefore,
DCGHs had little effect on blood pressure regulation through
PGI2. The increase in TNF-α (an EDCF) content in the serum can
cause hypertrophy and proliferation of vascular smooth muscle
cells, leading to an increase in blood pressure (36). As described
in Table 4, the content of TNF-α in the tested and captopril
groups was significantly higher than that in the control group
(p < 0.05), indicating that DCGHs can regulate blood pressure
through TNF-α. GST has antioxidative and detoxifying effects,
and its concentration changes in serum reflect the degree of
damage to the liver (37). The concentration of CK-MB in the
serum can increase to a certain extent due to myocardial injury
or necrosis (38). As observed in Table 4, in comparison with
the control group, the content of GST and CK-MB in the tested
groups showed less change (p > 0.05), while the content of
GST and CK-MB in the captopril group increased by 15.81%
(p < 0.01) and 6.63% (p < 0.05), respectively. Captopril possibly
caused damage to the myocardium and liver of SHRs, and
DCGHs were safe for the body of SHRs. Thus, the assessment
of the serum biochemical indicators showed that the mechanism
underlying the antihypertensive effects of DCGHs involved the
regulation of the balance between EDCFs and EDRFs in the
serum (39).
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TABLE 6 | Macrophage phagocytic index, ear swelling degree, and antibody

levels of ICR mice.

Group Phagocytic index Ear swelling mg Antibody levels

Control 8.73 ± 0.86 15.17 ± 4.65 35.59 ± 3.11

Low 9.00 ± 0.36 16.80 ± 2.69 37.97 ± 5.20

Middle 10.23 ± 0.41** 18.50 ± 3.08* 40.41 ± 4.67

High 10.80 ± 0.96** 21.97 ± 4.50** 54.21 ± 5.63**

Control represents the control group (sterile saline solution); low, middle, and high

represent the low-dose, middle-dose, and high-dose groups of ICR mice administered

defatted corn germ hydrolysates (DCGHs), respectively.

*Significant differences (p < 0.05) compared to the control group.

**Significant differences (p < 0.01) compared to the control group.

In vivo Immunomodulation Experiment
BW and Organ Indices of ICR Mice
The results of BW gain and organ indices of ICR mice in
the long-term intragastric administration experiment are shown
in Table 5. For the tests I (carbon clearance test), II (DTH
test), III (serum hemolysin test), and IV (serum immunoactive
substance test), the BW gain of ICR mice in the tested
groups (the low-dose, middle-dose, and high-dose groups) did
not change significantly compared with the control group
(p > 0.05). It demonstrated that the treatment of DCGHs
had no side effect on the growth rate of BW. Similarly, for
test IV (serum immunoactive substance test), the weights of
the spleen, thymus, heart, lung, liver, and kidney of ICR
mice between the control group and tested groups were not
significantly different (p > 0.05), which confirmed the non-toxic
side effects and safety use of DCGHs. Therefore, DCGHs can be
preliminarily used as a food-borne substance that is harmless to
the body.

Macrophage Phagocytic Index, Ear Swelling Degree,

and Antibody Levels of ICR Mice
The results of the carbon clearance, DTH, and serum hemolysin
tests are shown in Table 6, which reflect the phagocytic function
of mononuclear macrophages, cellular immune function, and
humoral immune function, respectively (40). The phagocytic
index of mononuclear macrophages in the middle-dose and
high-dose groups was significantly higher than that in the
control group, increasing by 17.18% (p < 0.01) and 23.71%
(p < 0.01), respectively. The low-dose group showed less
difference compared with the control group (p > 0.05). The
phagocytic index reflects the phagocytic ability of mononuclear
macrophages. The higher the phagocytic index, the stronger
the phagocytic capacity. The results showed that DCGHs could
improve the phagocytic capacity of mononuclear macrophages
in ICR mice. DTH reflects the level of cellular immune function,
and the magnitude of it is expressed by ear swelling degree.
As shown in Table 6, the ear swelling degree of ICR mice in
the low-dose group was not significantly different from that of
the control group, while the ear swelling degree of ICR mice
in the middle-dose and high-dose groups was 21.95% (p <

0.05) and 44.82% (p < 0.01) higher than that of the mice in
the control group, indicating that DCGHs could improve the
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TABLE 7 | Serum immunoactive substances of ICR mice.

Group Lysozyme (µg/L) IFN-γ (ng/L) IgA (µg/mL) IgG (µg/mL) IgM (ng/mL) C3 (µg/mL)

Control 20.19 ± 2.23 912.83 ± 91.51 3.31 ± 0.34 9.76 ± 0.78 131.21 ± 11.27 455.16 ± 6.31

Low 24.22 ± 2.84* 959.58 ± 140.58 3.55 ± 0.38 10.94 ± 1.11 136.06 ± 8.71 463.19 ± 7.35

Middle 25.34 ± 3.56* 939.75 ± 156.81 3.63 ± 0.46 11.88 ± 1.54* 134.29 ± 18.19 483.07 ± 8.35**

High 27.25 ± 2.78** 1082.00 ± 111.21* 3.54 ± 0.43 13.51 ± 1.34** 137.81 ± 11.85 485.57 ± 11.68**

Control represents the control group (sterile saline solution); Low, Middle, and High represent the low-dose, middle-dose, and high-dose groups of ICR mice administered defatted corn

germ hydrolysates (DCGHs), respectively.

*Significant differences (p < 0.05) compared to the control group. **Significant differences (p < 0.01) compared to the control group.

cellular immune function of ICR mice. Antibody levels reflect
the humoral immune function of the body. In comparison
with the control group, antibody levels in the high-dose group
increased significantly by 52.32% (p < 0.01), while the levels
in the other tested groups showed minimal changes (p >

0.05). The serum hemolysin test results revealed that DCGHs
could significantly enhance the humoral immune function of
ICR mice. Huang et al. (41) found that detoxified rapeseed
peptides had a significant effect on the phagocytic ability and
ear swelling degree of ICR mice, which presented a good
regulatory effect on immunity. Therefore, DCGHs also have
a good immunomodulatory effect in vivo compared with the
detoxified rapeseed peptides.

Immunoactive Substances in the Serum of ICR Mice
To further explore the immunomodulatory effects of DCGHs in
vivo, the immunoactive substances in the serum of ICRmice were
determined. As shown in Table 7, lysozyme content in the tested
groups was significantly higher than that in the control group (p
< 0.05). Particularly, in the high-dose group, lysozyme content
increased by 34.97% (p < 0.01). Lysozyme can kill pathogenic
bacteria and alleviate inflammation, reflecting the degree of non-
specific immune regulation (42). Therefore, DCGHs promoted
the release of lysozyme in ICRmice to regulate immune function.
IFN-γ, a cytokine, can activate immune cells, improve the ability
to kill pathogens and tumor cells, and promote phagocytosis of
macrophages (43, 44). Table 7 shows that the content of IFN-γ
in the high-dose group increased by 18.53% (p < 0.05) compared
with the control group, but there was no significant change in
the other tested groups (p > 0.05). Studies have shown that low
levels of IFN-γ can cause immune system dysfunction in mice,
resulting in a decline in immunity (45). Therefore, the results
showed that DCGHs could stimulate the release of IFN-γ to
enhance the immune function of the body. Immunoglobulin is
a soluble globulin with humoral immune function. As shown
in Table 7, IgA and IgM content in the tested groups was
not significantly different from that in the control group (p >

0.05), while the content of IgG in the middle-dose and high-
dose groups was significantly higher than that in the control
group (p < 0.01), showing an increase of 38.42 and 21.72%,
respectively. IgG levels were the highest in the serum, and
this immunoglobulin has various immunomodulatory activities,
such as antibacterial, antiviral, and antitoxin effects. It can also

promote the connection between tumor cells and effector cells,
causing cytotoxicity to kill tumor cells and other target cells (46).
The results showed that DCGHs could act as immunomodulators
by increasing the IgG content in the serum. C3, the most
abundant protein in the complement system, can be cleaved
into biologically active fragments after activation, which assists
phagocytes and antibodies in killing pathogenic bacteria and
strengthening immune function (47). As indicated in Table 7,
C3 content in the middle-dose and high-dose groups was
significantly higher than that in the control group (p < 0.01),
increasing by 6.13 and 6.68%, respectively. The results showed
that DCGHs could increase C3 levels in the serum of ICR mice
to exert immunoregulatory effects. Ratajczak et al. (48) studied
the good immune regulation function of corn oil in vivo. Lee
et al. (49) found that corn byproduct poly-saccharides isolated
from corn steep liquor could exert an immunomodulatory
effect by stimulating the release of Immunoactive substances.
Compared with the immunomodulatory effects of corn oil and
corn byproduct poly-saccharides, DCGHs also have a good
immune regulation effect, which provides a new guide for
the comprehensive development and utilization of corn by-
products.

CONCLUSIONS

In this study, we investigated the antihypertensive and
immunomodulatory effects of DCGHs in vivo. Analysis of
tissue ACE activity demonstrated that DCGHs could exert
an antihypertensive effect mainly by inhibiting ACE activity
in the kidney, lung, and heart tissues. Moreover, the serum
biochemical factor test results indicated that the DCGHs
could adjust the balance between EDCFs (e.g., renin, Ang
II, TNF-α, and ET-1) and EDRFs (e.g., NO) to regulate
blood pressure. Furthermore, the results of analyses of
the immunomodulatory effects showed that DCGHs could
enhance the phagocytosis of mononuclear macrophages,
cellular immunity, and humoral immunity by increasing the
phagocytic index of mononuclear macrophages, ear swelling
degree, and antibody levels in ICR mice, in addition to
stimulating the release of immunoactive substances (e.g.,
lysozyme, IFN-γ, IgG, and C3). The results herein, may
add to existing knowledge on the bioactive properties

Frontiers in Nutrition | www.frontiersin.org 9 May 2021 | Volume 8 | Article 679583

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Zhu et al. DCGHs Antihypertensive and Immunomodulatory Effects

of DCGHs and guide the development and utilization of
cereal-based by-products.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee of the Jiangsu University.

AUTHOR CONTRIBUTIONS

JZ: conceptualization, methodology, data curation, and writing-
original draft. JL: investigation, software, and formal analysis.
YG: writing-review and editing and formal analysis. CH:
investigation and data curation. JQ: visualization and writing-
review and editing. HM: project administration, funding
acquisition, supervision, and resources. All authors contributed
to the article and approved the submitted version.

FUNDING

This work was supported by the Jiangsu Provincial Key Research
and Development Program (Grant Number: BE2018368).

REFERENCES

1. Kulakova EV, Vainerman ES, Rogoshin SV. Contribution to the investigation

of the corn germ. Part I. Corn germ as a valuable source of protein. Die

Nahrung. (1982) 26:451–6. doi: 10.1002/food.19820260508

2. Gupta HO, Eggum BO. Processing of maize germ oil cake into edible food

grademeal and evaluation of its protein quality. Plant Foods HumNutr. (1998)

52:1–8. doi: 10.1023/A:1008088822395

3. Satterlee LD, Marshall HF, Tennyson JM. Measuring protein quality. J Am Oil

Chem Soc. (1979) 56:103–9. doi: 10.1007/BF02671431

4. Karami Z, Peighambardoust SH, Hesari J, Akbari-Adergani B, Andreu D.

Antioxidant, anticancer and ACE-inhibitory activities of bioactive peptides

from wheat germ protein hydrolysates. Food Biosci. (2019) 32:100450.

doi: 10.1016/j.fbio.2019.100450

5. Mao XY, Nan QX, Li YH, Ni JR. Effects of different casein-derived peptides

and their separated fractions on mouse cell immunity. Milchwissenschaft.

(2005) 60:10–14. doi: 10.16429/j.1009-7848.2006.02.006

6. Gao R, Yu Q, Shen Y, Chu Q, Chen G, Fen S, et al. Production,

bioactive properties, and potential applications of fish protein hydrolysates:

developments and challenges. Trends Food Sci Technol. (2021) 110:687–99.

doi: 10.1016/j.tifs.2021.02.031

7. Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, et al.

2018 ESC/ESH Guidelines for the management of arterial hypertension. Euro

Heart J. (2018) 39:3021–104. doi: 10.1093/eurheartj/ehy339

8. Kiriyama A, Honbo A, Nishimura A, Shibata N, Iga K. Pharmacokinetic-

pharmacodynamic analyses of antihypertensive drugs, nifedipine and

propranolol, in spontaneously hypertensive rats to investigate characteristics

of effect and side effects. Regul Toxicol Pharmacol. (2016) 76:21–9.

doi: 10.1016/j.yrtph.2016.01.003

9. Li G, Le G, Shi Y, Shrestha S. Angiotensin I–converting

enzyme inhibitory peptides derived from food proteins and their

physiological and pharmacological effects. Nutr Res. (2004) 24:469–86.

doi: 10.1016/S0271-5317(04)00058-2

10. Boschin G, Scigliuolo GM, Resta D, Arnoldi A. Optimization of the enzymatic

hydrolysis of lupin (lupinus) proteins for producing ACE-inhibitory peptides.

J Agric Food Chem. (2014) 62:1846–51. doi: 10.1021/jf4039056

11. Balti R, Bougatef A, Sila A, Guillochon D, Dhulster P, Nedjar-Arroume N.

Nine novel angiotensin I-converting enzyme (ACE) inhibitory peptides from

cuttlefish (Sepia officinalis) muscle protein hydrolysates and antihypertensive

effect of the potent active peptide in spontaneously hypertensive rats. Food

Chem. (2015) 170:519–25. doi: 10.1016/j.foodchem.2013.03.091

12. Chen Z, Peng C, Jiao R, Wong Y, Yang N, Huang Y. Anti-hypertensive

nutraceuticals and functional foods. J Agric Food Chem. (2009) 57:4485–99.

doi: 10.1021/jf900803r

13. Maes W, Van Camp J, Vermeirssen V, Hemeryck M, Ketelslegers JM,

Schrezenmeir J, et al. Influence of the lactokinin Ala-Leu-Pro-Met-His-Ile-

Arg (ALPMHIR) on the release of endothelin-1 by endothelial cells. Regul

Peptides. (2004) 118:105–9. doi: 10.1016/j.regpep.2003.11.005

14. Alashi AM, Blanchard CL, Mailer RJ, Agboola SO, Mawson AJ, He

R, et al. Blood pressure lowering effects of Australian canola protein

hydrolysates in spontaneously hypertensive rats. Food Res Int. (2014) 55:281–

7. doi: 10.1016/j.foodres.2013.11.015

15. Zhao X, Sun W, Zhang S, Meng G, Qi C, Fan W, et al. The immune

adjuvant response of polysaccharides from Atractylodis macrocephalae Koidz

in chickens vaccinated against Newcastle disease (ND). Carbohydrate Polym.

(2016) 141:190–6. doi: 10.1016/j.carbpol.2016.01.013

16. Huang L, Shen M, Morris GA, Xie J. Sulfated polysaccharides:

immunomodulation and signaling mechanisms. Trends Food Sci Technol.

(2019) 92:1–11. doi: 10.1016/j.tifs.2019.08.008

17. Sun Y, Hu X, Li W. Antioxidant, antitumor and immunostimulatory activities

of the polypeptide from Pleurotus eryngii mycelium. Int J Biol Macromol.

(2017) 97:323–30. doi: 10.1016/j.ijbiomac.2017.01.043

18. Wu Q, Ma H, Cui H, Wu S. Study on extraction and characteristics

of angiotensin converting enzyme-ACE of fresh hog lung. Food Sci.

(2004) 25:71–4. doi: 10.3321/j.issn:1002-6630.2004.09.012

19. Li J, Ma H, Wang Y, Ye X. Preparation of ACE inhibitory peptide from

defatted corn germ based on ultrasonic pretreatment. Technol Food Indus.

(2018) 39:71–4. doi: 10.13386/j.issn1002-0306.2018.13.036

20. Guo L, Guo Y, Wu P, Lu F, Zhu J, Ma H, et al. Camellia oil lowering blood

pressure in spontaneously hypertension rats. J Funct Foods. (2020) 70:103915.

doi: 10.1016/j.jff.2020.103915

21. Suzuki M, Chaki F, Suzuki S. Effect of yeast polysaccharide treatment on the

carbon clearance activity of mice implanted with sarcoma-180 solid tumor.

Gan. (1971) 62:553–6.

22. Sakai S, Sugawara T, Kishi T, Yanagimoto K, Hirata T. Effect of glucosamine

and related compounds on the degranulation of mast cells and ear

swelling induced by dinitrofluorobenzene in mice. Life Sci. (2010) 86:337–43.

doi: 10.1016/j.lfs.2010.01.001

23. Tort L, Gómez E, Montero D, Sunyer JO. Serum haemolytic and agglutinating

activity as indicators of fish immunocompetence: their suitability in stress and

dietary studies. Aquacult Int. (1996) 4:31–41. doi: 10.1007/BF00175219

24. Roberts PR, Burney JD, Black KW, Zaloga GP. Effect of chain

length on absorption of biologically active peptides from the

gastrointestinal tract. Digestion. (1999) 60:332–7. doi: 10.1159/0000

07679

25. Li Y, Bo J, Tao Z, Mu W, Jian L. Antioxidant and free radical-scavenging

activities of chickpea protein hydrolysate (CPH). Food Chem. (2008) 106:444–

50. doi: 10.1016/j.foodchem.2007.04.067

26. Yang X, Wang L, Zhang F, Ma H. Effects of multi-mode S-type ultrasound

pretreatment on the preparation of ACE inhibitory peptide from rice

protein. Food Chem. (2020) 331:127216. doi: 10.1016/j.foodchem.2020.1

27216

27. Liu D, Guo Y, Wu P, Wang Y, Kwaku Golly M, Ma H. The necessity of

walnut proteolysis based on evaluation after in vitro simulated digestion:

ACE inhibition and DPPH radical-scavenging activities. Food Chem. (2020)

311:125960. doi: 10.1016/j.foodchem.2019.125960

Frontiers in Nutrition | www.frontiersin.org 10 May 2021 | Volume 8 | Article 679583

https://doi.org/10.1002/food.19820260508
https://doi.org/10.1023/A:1008088822395
https://doi.org/10.1007/BF02671431
https://doi.org/10.1016/j.fbio.2019.100450
https://doi.org/10.16429/j.1009-7848.2006.02.006
https://doi.org/10.1016/j.tifs.2021.02.031
https://doi.org/10.1093/eurheartj/ehy339
https://doi.org/10.1016/j.yrtph.2016.01.003
https://doi.org/10.1016/S0271-5317(04)00058-2
https://doi.org/10.1021/jf4039056
https://doi.org/10.1016/j.foodchem.2013.03.091
https://doi.org/10.1021/jf900803r
https://doi.org/10.1016/j.regpep.2003.11.005
https://doi.org/10.1016/j.foodres.2013.11.015
https://doi.org/10.1016/j.carbpol.2016.01.013
https://doi.org/10.1016/j.tifs.2019.08.008
https://doi.org/10.1016/j.ijbiomac.2017.01.043
https://doi.org/10.3321/j.issn:1002-6630.2004.09.012
https://doi.org/10.13386/j.issn1002-0306.2018.13.036
https://doi.org/10.1016/j.jff.2020.103915
https://doi.org/10.1016/j.lfs.2010.01.001
https://doi.org/10.1007/BF00175219
https://doi.org/10.1159/000007679
https://doi.org/10.1016/j.foodchem.2007.04.067
https://doi.org/10.1016/j.foodchem.2020.127216
https://doi.org/10.1016/j.foodchem.2019.125960
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Zhu et al. DCGHs Antihypertensive and Immunomodulatory Effects

28. Fathallah N, Slim R, Atig A, Larif S, Bahri F, Salem CB. Cytolytic hepatitis

and acute kidney injury associated with captopril. Euro Geriat Med. (2015)

6:284–5. doi: 10.1016/j.eurger.2014.11.003

29. Cui P, Yang X, Li Y, Liang Q, Wang Y, Lu F, et al. The milk macromolecular

peptide: preparation and evaluation of antihypertensive activity in rats. Food

Func. (2020) 11:4403–15. doi: 10.1039/D0FO00151A

30. Wu J, Ding X. Hypotensive and physiological effect of angiotensin converting

enzyme inhibitory peptides derived from soy protein on spontaneously

hypertensive rats. J Agric Food Chem. (2001) 49:501–6. doi: 10.1021/jf0

00695n

31. Chen J, Wang Y, Ye R, Wu Y, Xia W. Comparison of analytical methods

to assay inhibitors of angiotensin I-converting enzyme. Food Chem. (2013)

141:3329–34. doi: 10.1016/j.foodchem.2013.06.048

32. Guo Y, Wang K, Wu B, Wu P, Duan Y, Ma H. Production of ACE

inhibitory peptides from corn germ meal by an enzymatic membrane

reactor with a novel gradient diafiltration feeding working-mode and in

vivo evaluation of antihypertensive effect. J Funct Foods. (2020) 64:103584.

doi: 10.1016/j.jff.2019.103584

33. Raij L. Workshop: hypertension and cardiovascular risk factors: role of the

angiotensin II-nitric oxide interaction. Hypertension. (2001) 37(2 Pt 2):767–

73. doi: 10.1161/01.HYP.37.2.767

34. Gheibi S, Jeddi S, Kashfi K, Ghasemi A. Regulation of vascular tone

homeostasis by NO and H2S: implications in hypertension. Biochem

Pharmacol. (2018) 149:42–59. doi: 10.1016/j.bcp.2018.01.017

35. Albertini M, Vanelli G, Clement MG. PGI2 and nitric oxide involvement

in the regulation of systemic and pulmonary basal vascular tone in the

pig. Prostaglandins Leukotrienes Essential Fatty Acids. (1996) 54:273–8.

doi: 10.1016/S0952-3278(96)90058-7

36. Jovinge S, Hultgårdh-Nilsson A, Regnström J, Nilsson J. Tumor necrosis

factor-alpha activates smoothmuscle cell migration in culture and is expressed

in the balloon-injured rat aorta. Arterioscl Thromb Vasc Biol. (1997) 17:490–7.

doi: 10.1161/01.ATV.17.3.490

37. Moron MS, Depierre JW, Mannervik B. Levels of glutathione,

glutathione reductase and glutathione S-transferase activities in rat

lung and liver. Biochim Biophys Acta General Subj. (1979) 582:67–78.

doi: 10.1016/0304-4165(79)90289-7

38. Sun Z, Wu W, Liu J, Ma N, Zheng Z, Li Q, et al. Influence of glucose-

lowering rate on CKMB and myoglobin serum levels in type-2 diabetes

patients with coronary heart disease. Hum Immunol. (2014) 75:1182–7.

doi: 10.1016/j.humimm.2014.10.006

39. Kaneko K, Sasaki F, Sunano S. Influences of EDRF and EDCF on

contraction induced by long application of noradrenaline in aorta of

spontaneously hypertensive rats. Jpn Heart J. (1994) 35:559. doi: 10.1536/ihj.

35.559

40. Morris H J, Carrillo O, Almarales A, Bermúdez RC, Lebeque Y, Fontaine R,

et al. Immunostimulant activity of an enzymatic protein hydrolysate from

greenmicroalga chlorella vulgaris on undernourishedmice. EnzymeMicrobial

Technol. (2007) 40:456–60. doi: 10.1016/j.enzmictec.2006.07.021

41. Huang S, Li Y, Yang X, Ma H. Effect of detoxified rapeseed peptides

on mouse immune function. J Anhui Agric Sci. (2016) 44:126–8.

doi: 10.13989/j.cnki.0517-6611.2016.31.044

42. Ragland SA, Criss AK. From bacterial killing to immune modulation: recent

insights into the functions of lysozyme. PLoS Pathog. (2017) 13:e1006512.

doi: 10.1371/journal.ppat.1006512

43. García-Tuñón I, Ricote M, Ruiz AA, Fraile B, Paniagua R, Royuela M.

Influence of IFN-gamma and its receptors in human breast cancer. BMC

Cancer. (2007) 7:158. doi: 10.1186/1471-2407-7-158

44. Liu R, Zhu Y, Zhou L, Zhao P, Li H, Zhu L, et al. Adenovirus-mediated delivery

of interferon-γ gene inhibits the growth of nasopharyngeal carcinoma. J

Transl Med. (2012) 10:256. doi: 10.1186/1479-5876-10-256

45. Chi S, Jian M, Yong C, Xiang M, Ai-Lati A. Effects of polysaccharides

from Chinese rice wine on immunity correlating cytokines of

immunodeficient mice. Sci Technol Food Indus. (2014) 35:346–50.

doi: 10.13386/j.issn1002-0306.2014.24.065

46. Gruber DR, Richards AL, Howie HL, Hay AM, Lebedev JN, Wang

X, et al. Passively transferred IgG enhances humoral immunity to

a red blood cell alloantigen in mice. Blood Adv. (2020) 4:1526–37.

doi: 10.1182/bloodadvances.2019001299

47. Liu Y, Song Q, Li D, Zou R, Zhang Y, Hao S, et al. A novel complement C3 like

gene (Lv-C3L) from Litopenaeus vannamei with bacteriolytic and hemolytic

activities and its role in antiviral immune response. Fish Shellfish Immunol.

(2019) 91:376–87. doi: 10.1016/j.fsi.2019.05.045

48. Ratajczak HV, Sothern RB, Dozier MM, Gaworski CL. Immunomodulatory

screening test of corn oil administered orally to female mice: effect of

timing of dosing within 24 hours. Chronobiol Int. (1999) 16:185–97.

doi: 10.3109/07420529909019085

49. Lee SJ, Lee HS, Sun YK, Shin KS. Immunostimulatory and anti-

metastatic activity of polysaccharides isolated from byproducts of

the corn starch industry. Carbohydrate Polym. (2018) 181:911–7.

doi: 10.1016/j.carbpol.2017.11.060

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Zhu, Li, Guo, Quaisie, Hong and Ma. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Nutrition | www.frontiersin.org 11 May 2021 | Volume 8 | Article 679583

https://doi.org/10.1016/j.eurger.2014.11.003
https://doi.org/10.1039/D0FO00151A
https://doi.org/10.1021/jf000695n
https://doi.org/10.1016/j.foodchem.2013.06.048
https://doi.org/10.1016/j.jff.2019.103584
https://doi.org/10.1161/01.HYP.37.2.767
https://doi.org/10.1016/j.bcp.2018.01.017
https://doi.org/10.1016/S0952-3278(96)90058-7
https://doi.org/10.1161/01.ATV.17.3.490
https://doi.org/10.1016/0304-4165(79)90289-7
https://doi.org/10.1016/j.humimm.2014.10.006
https://doi.org/10.1536/ihj.35.559
https://doi.org/10.1016/j.enzmictec.2006.07.021
https://doi.org/10.13989/j.cnki.0517-6611.2016.31.044
https://doi.org/10.1371/journal.ppat.1006512
https://doi.org/10.1186/1471-2407-7-158
https://doi.org/10.1186/1479-5876-10-256
https://doi.org/10.13386/j.issn1002-0306.2014.24.065
https://doi.org/10.1182/bloodadvances.2019001299
https://doi.org/10.1016/j.fsi.2019.05.045
https://doi.org/10.3109/07420529909019085
https://doi.org/10.1016/j.carbpol.2017.11.060~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Antihypertensive and Immunomodulatory Effects of Defatted Corn Germ Hydrolysates: An in vivo Study
	Introduction
	Materials and Methods
	Materials
	Preparation of DCGHs
	Molecular Weight Distribution
	In vivo Blood Pressure-Lowering Experiment
	Animals and Experimental Protocol
	Determination of Body Weight and Organ Index
	Determination of Tissue ACE Activity
	Biochemical Index Analysis of Serum

	In vivo Immunomodulation Experiment Arterial
	Animals and Experimental Protocol
	Determination of Macrophage Phagocytic Index, Ear Swelling Degree, and Antibody Levels
	Determination of Serum Immunoactive Substances

	Statistical Analysis

	Results and Discussion
	Molecular Weight Distribution
	In vivo Blood Pressure-Lowering Experiment
	BW and Organ Indices of the SHRs
	Blood Pressure of SHRs
	ACE Activity in the Tissues of SHRs
	Serum Biochemical Indices of SHRs

	In vivo Immunomodulation Experiment
	BW and Organ Indices of ICR Mice
	Macrophage Phagocytic Index, Ear Swelling Degree, and Antibody Levels of ICR Mice
	Immunoactive Substances in the Serum of ICR Mice


	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


