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ABSTRACT As an important olive component,
hydroxytyrosol (HT) has good medicinal and health
effects. However, its importance in alleviating immune
suppression in broilers has not been established. There-
fore, we aimed at evaluating the immunomodulatory
and antioxidant effects of HT in immune suppressed
broilers. Immune suppressed broiler models were estab-
lished via intraperitoneal injection of 80 mg/kg cyclo-
phosphamide (Cy). Thirty two Cobb 500 male broilers
were randomly allocated into 4 groups of 8 each. Broilers
in the model (Cy) and HT treatment (Cy+HT) groups
were intraperitoneally administered with Cy (80 mg/kg
BW) once a day for 3 d. From the 4th d, broilers in the
Cy+HT and HT groups were treated with 0.5 mL of
200 mg/L HT solution, once a day, for 7 d. The Cy and
Con groups were orally administered with normal saline.
On the 14th and 28th d, serum and duodenal samples
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were obtained for testing. It was found that HT
increased villi height (VH)/crypt depth (CD) ratio in
the duodenum and suppressed serum tumor necrosis fac-
tor-a (TNF-a) and interleukin-6 (IL-6) levels. More-
over, it elevated the expressions of CD4+ and CD8+ T
lymphocytes. HT upregulated the mRNA expression
levels of interleukin-2 (IL-2), interleukin-4 (IL-4), and
interleukin-10 (IL-10), enhanced the activity of super-
oxide dismutase (SOD), glutathione peroxidase (GSH-
Px), and downregulated malondialdehyde (MDA) lev-
els in Cy-induced immune-suppressed broilers. In con-
clusion, HT can alleviate immune-suppression as well as
enhance immunity and antioxidant activities in the local
mucosa of small intestines in broilers. Therefore, it can
be used as an immune stimulant. More studies should be
performed to confirm our findings and to elucidate on
the mechanisms of HT.
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INTRODUCTION

Olive contains a large number of polyphenolic com-
pounds, such as oleuropein and hydroxytyrosol (HT)
(Rigacci and Stefani, 2016), which have high nutritional
and economic values. Olive leaves are important feed
sources, and the nutritional values of olive by-products
have been evaluated (Y�a~nez-Ruiz and Molina-
Alcaide, 2007; Poudyal et al., 2010). In broilers, feed
supplementation with 10% fermented olive leaves pro-
motes protein utilization in feeds (Obikaonu et al.,
2012). The chemical name of HT is 3, 4-dihydroxy phe-
nylethanol and it exhibits a catechol structure. HT has
strong antioxidant and immune-enhancing effects
(Briante et al., 2001). In olive branches, leaves, fruits,
oils, and related by-products, it exists in form of esters.
Nousis et al. (2005) found that hydrogen peroxide
caused oxidative damage to Jurkat T-lymphocytes.
However, at 100 mM, HT significantly protected the
Jurkat cells from oxidative damage. Moreover, increas-
ing HT doses to millimole levels had no adverse effects
on cells. The other beneficial effects of HT include pro-
motion of immunity, antimicrobial, antiviral, antitumor,
antiradiation, antiaging, and anti-inflammatory effects,
lowering of blood lipid levels, and improving animal per-
formance (Mulinacci et al., 2001; Allouche et al., 2004;
Killeen et al., 2011). Therefore, we hypothesized that
HT plays a key role in increasing ketone body muscle
percentage.
Various factors, such as immune-suppression due to

infection and stress, are associated with increased mor-
tality rates, disease susceptibility and growth retarda-
tion. Cyclophosphamide (Cy), an alkylation agent, is a
commonly used immunosuppression-inducing drug.
Clinically, it is used in tumor and autoimmune disease
treatment (Mirkes, 1985; Shirani et al., 2015;
Kumar and Venkatesh, 2016). However, Cy is associated
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with serious adverse effects. It can reduce white blood
cell counts by inhibiting hematopoiesis, which may have
deleterious effects on animal life (Basu et al., 2017). In
addition, the inhibitory effects of Cy on oxidative stress
and immunity have been confirmed (Paul et al., 2011;
Lapointe et al., 2016).

Intestinal mucosal immunity is an important compo-
nent of the immune system. After hatching, chicks rely
on maternal antibodies to provide immune protection,
however, due to their susceptibility to pathogens, it is
important to improve the immune capacities of chicks
and enhance their intestinal mucosal immunity
(Faulkner et al., 2013). Despite vaccinations, infectious
diseases, especially acute infectious diseases with chronic
disease courses, are still prevalent, which greatly affect
poultry production. In addition, drug abuse, stress, and
other diseases are important causes of immune-suppres-
sion in chicken. HT has a simple structure, a small
molecular weight, is nontoxic, has no side effects, and
has various pharmacological activities. Its antitumor
activities and mechanisms have been evaluated (Grana-
dos-Principal et al., 2011 ). However, immune regulatory
and antioxidant properties of HT in the duodenum of
Cy-induced immune-suppressed chicken have not been
evaluated. Therefore, we aimed at elucidating the effects
of HT on immune functions and the mechanisms
involved in intestinal mucosal immune regulation by
assessing morphological changes in the duodenum,
immune levels, cytokines, and oxidation indices of
chicken after intragastric administration of HT. Our
findings provide a theoretical basis for understanding
the immune regulatory and antioxidant mechanisms of
HT.
MATERIALS AND METHODS

Experimental Animals and Ethics Statement

Thirty-two 7 d Cobb 500 male broilers were pur-
chased from the chicken farm of Yunnan Agriculture
University. During acclimatization, broilers were kept
in an air-conditioned room with a 12/12 h light/dark
cycle at 37°C after which the temperature was gradually
reduced to room temperature. The daylight test was
performed in strict accordance with regulations of the
ethics committee. Broilers were provided with free
water and standard diet. This study was approved by
the Institutional Animal Care and Use Committee
(IACUC) of Guizhou University, Guizhou, China
(EAE-GZU-2021-T096).

Immunosuppressive broiler models were established
by intraperitoneal injection of 80 mg/kg Cy. Thirty two
male broilers were randomized into the control (Con),
cyclophosphamide model (Cy), Cy and hydroxytyrosol
(HT) treatment (Cy+HT) as well as HT groups, 8
broilers per group. Broilers in the Cy and Cy+HT
groups were intraperitoneally administered with Cy (80
mg/kg/d BW, Jiangsu Hengrui Medicine Co., Ltd., NO.
15073125) once a day for 3 d. From the 4th d, broilers in
the Cy+HT and HT groups were treated with 0.5 mL
HT solution (200 mg/L, HT net content 98%, Shanghai
Yuanye Biotechnology Co. Ltd., China), once a day, for
7 d. The Cy and Con groups were orally administered
with normal saline. On d 14 and 28, broilers were sacri-
ficed by cervical dislocation for sample collection
Determination of Serum TNF-a and IL-6
Levels

Blood was collected from broiler wings for serum sepa-
ration. Then, serum TNF-a and IL-6 levels were deter-
mined by ELISA kits (Shanghai Enzyme Link
Biotechnology Co., Ltd., China), according to the manu-
facturer’s instructions.
Morphological Evaluation of Duodenal
Tissues

After broilers had been sacrificed, their duodenal tis-
sues were obtained, sectioned, fixed in 4% paraformalde-
hyde, dehydrated using alcohol and embedded in
paraffin. Duodenal tissues were sliced using a sledge
microtome (Typ RM 2235, Leica, Germany) and stained
by H&E. Histological observations were done using the
Olympus CX43 microscope (Olympus Co., Ltd, Japan).
The 3 longest villi heights (VH) and crypt depths (CD)
for 3 sections in the obtained images from each group
were measured using the Image-Pro Plus 6.0 software
(Media Cybernetics, Silver Spring, MD) to calculate the
VH/CD ratios.
Immunohistochemistry for Expressions of
CD4+ and CD8+ T Cells in the Duodenum

Paraffin blocks were sliced into 6 mm sections. Immu-
nohistochemistry was performed using an Ultra-Sensi-
tive SP kit-9701 and Diaminobenzidine (DAB) color
liquid (Maixin Biotechnology products, Fuzhou, China),
according to the manufacturer’s instructions. Slices were
incubated overnight at 4°C with Mouse Anti-Chicken
CD4+ (NO. 8210-30, 1: 200) and Mouse Anti-Chicken
CD8+ (NO. 8280-09, 1: 200) antibodies (Southern Bio-
technology Associates, Inc., Birmingham, AL). Histolog-
ical observations were done using the Olympus CX43
microscope (Olympus Co., Ltd, Japan) and the obtained
images analyzed by Image Pro-Plus 6.0 software.
Flow Cytometry for CD8+ T Cells

On the 28th d after the last administration, blood was
collected from under the broilers wings for lymphocyte
isolation using the lymphocyte separation solution
(Tianjin Hao Yang biological manufacture Co., Ltd,
China). Cells were washed twice using pre-cooled PBS.
Then, 400 mL 1 £ binding buffer was added to make a
single cell suspension after which cell concentrations



Table 1. Specific primers for target genes.

Gene Primer (5’ -3’) Fragment length

b-actin F-TGATATTGCTGCGCTCGTTG 143
R-CTTTCTGGCCCATACCAACC

IL-2 F-

CAAGAGTCTTACGGGTCTAAATCAC100R-
GTTGGTCAGTTCATGGAGAAAATCIL-4F-
GTGCCCACGCTGTGCTTAC82R-
AGGAAACCTCTCCCTGGATGTCIL-10F-
TAAGGACTATTTTCAATCCAGGG142R-
ACGGGGCAGGACCTCATC
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were adjusted to about 1 £ 106 /mL. Ten mL of mouse
anti-chicken CD8a-PE antibody (NO. 8405-09, 1: 100,
Southern Biotechnology Associates, Inc., Birmingham,
AL) were added to the cell suspensions, gently mixed
and incubated for 30 min at 4°C in the dark. Then, cells
were washed using PBS and detected within 1 h by flow
cytometry (Accuri C6, BD Company, Germany).
Quantitative Real Time-PCR

Table 1 shows the primer sequences (b-actin, IL-2, IL-
4, and IL-10) for quantitative real time-PCR (qRT-
PCR). Primers were synthesized by Sangon Biotech
Corp (Shanghai, China). In this assay, mRNA were
extracted from duodenal tissues to synthesize cDNA
using the PrimeScript RT reagent kit (No. RR047A,
TaKaRa, Dalian, China), according to the manufac-
turer’s instructions. qRT-PCR reactions were performed
using gene-specific primers, with SYBR Premix Ex Taq
II (No. DRR820A, TaKaRa) according to the manufac-
turer’s instructions. The qRT-PCR reaction conditions
were: Pre-denaturation (94°C, 30 s), amplification ([95°
C, 5 s; Tm, 20 s; 72°C, 30 s], 40 cycles). Relative mRNA
expression level for each index gene was calculated using
the 2�44Ct method.
Analysis of SOD, GSH-Px, and MDA
Activities

Duodenal tissues (0.6 g) were homogenized in 5.4 mL
saline to make 10% tissue homogenates. The SOD,
GSH-Px, and MDA activities in tissue homogenates
were measured at 490 nm using an ELx800 Absorbance
Microplate Reader (BioTek Instruments, Winooski,
VT), according to the manufacturer’s instructions
(SOD, No. A001-3-1; GSH-Px No. A005-1-2; MDA No.
A003-1-2, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).
Statistical Analysis

Data are presented as mean § SD for n = 3. Compari-
sons of means among groups were done by one-way
ANOVA, followed by Duncan’s post hoc test. SPSS 23.0
was used for statistical analyses (SPSS Science, Chicago,
IL). Differences were regarded as significant at P ≤ 0.05
and highly significant at P ≤ 0.01.
RESULTS

Serum TNF-a and IL-6 Levels

To evaluate the effects of HT on immune responses,
serum levels of TNF-a and IL-6 were assayed by ELISA.
Figure 1 shows that, compared to the Con group, serum
TNF-a and IL-6 levels in the Cy group were significantly
suppressed (P < 0.01). Compared to the Cy group,
serum TNF-a, and IL-6 levels in the Cy+HT group were
significantly suppressed (P < 0.01). Therefore, HT treat-
ment significantly increased serum TNF-a and IL-6 lev-
els in Cy-treated broilers.
VH/CD Ratios

Duodenal structures after HT treatment are shown in
Figure 2A. Villi from the Con and HY groups were
neatly arranged while villi from the Cy group were short
and unevenly arranged. Compared to the Cy group, duo-
denal villi were wider and longer in the Cy+HT group.
Through H&E staining, chorionic gland ratios were
determined to evaluate duodenal changes. Figure 2B
shows that, on the 14th and 28th d after administration,
VH/CD ratios in the Con group were significantly
higher when compared to those of the Cy and Cy+HT
groups (P < 0.01). However, VH/CD ratios of the Cy
+HT group were significantly higher compared to those
of the Cy group (P < 0.01). These findings imply that
HT significantly increased duodenal VH/CD ratios of
Cy-treated broilers. Indirectly, HT improved duodenal
morphologies.
Expressions of CD4+ and CD8+ T Cell Areas

Figure 3 shows the expression areas of CD4+ and
CD8+ T cells. After intragastric administration of HT,
there were positive correlations between expression
areas of CD4+ and CD8+ T cells on the 14th and 28th
d. Compared to the Con group, expression areas of CD4
+ and CD8+ T cells in the Cy group were significantly
decreased (P < 0.01). Compared to the Cy group,
expression areas of CD4+ and CD8+ T cells in the Cy
+HT group were significantly increased (P < 0.01). On
the 14th d after single intragastric administration of
HT, CD4+ expression areas in the HT group were signif-
icantly different from those of the Con group (P < 0.05).
There were no significant differences in CD8+ T expres-
sion areas between the Con and HT groups (P > 0.05).
These findings show that HT significantly increased
duodenal expressions of CD4+ and CD8+ T cells in Cy-
treated broilers.
CD8+ T Cell Levels

Figure 4 shows that the percentage of CD8+ T cells
for chicken in the HT group was highest on the 28th d
after HT administration. Compared to the control
group, CD8+ T cell levels in the Cy group were signifi-
cantly suppressed (P < 0.01). Compared to the Cy



Figure 1. Effects of HT on serum TNF-a and IL-6 levels in chicken. (A) TNF-a; (B) IL-6. *Indicates minimum significant differences (P < 0.05),
and ** indicates highly significant differences (P < 0.01). Abbreviations: HT, hydroxytyrosol; IL-6, interleukin-6; TNF-a, tumor necrosis factor-a.

Figure 2. Variations in histological structure of the duodenums and effects of HT on VH/CD ratios. (A) H&E staining; (B) VH/CD ratios. *
Indicates minimum significant differences (P < 0.05), and ** indicates highly significant differences (P < 0.01). Abbreviations: HT, hydroxytyrosol;
VH/CD, villi height/crypt depth.
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group, CD8+ T cell levels in the Cy+HT group were sig-
nificantly elevated (P < 0.01). Therefore, HT increased
the circulating numbers of CD8+ T cells in the blood of
Cy-treated broilers.
Gene Expression Levels

The relative duodenal mRNA expression levels of IL-
2, IL-4, and IL-10 on the 14th and 28th d after



Figure 3. CD4 and CD8 positive areas in the duodenum. (A) CD4; (B) CD8 *Indicates minimum significant differences (P < 0.05), and ** indi-
cates highly significant differences (P < 0.01).

Figure 4. Abundance of CD8+ T cells detected by flow cytometry.
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intragastric administration of HT are shown in Figure 5.
The mRNA expression levels of IL-2, IL-4, and IL-10 in
the Cy group were significantly suppressed, when com-
pared to the Con group (P < 0.01). However, after HT
treatment, mRNA expression levels of IL-2, IL-4, and
IL-10 in Cy+HT group were significantly elevated,
when compared to the Cy group (P < 0.01). Moreover,
after HT administration, mRNA expression levels of IL-
2 and IL-4 were upregulated in the HT group, when
compared to those of the Con group (P < 0.01 or P <
0.05). Therefore, HT upregulated duodenal mRNA
expression levels of IL-2, IL-4, and IL-10 in Cy-treated
broilers.
SOD, GSH-Px Activities, and MDA Levels

SOD, GSH-Px, and MDA levels are crucial oxidative
stress indicators. Duodenal SOD and GSH-Px activities
as well as MDA levels on the 14th and 28th d after HT
treatment are shown in Figure 6. SOD and GSH-Px
activities in the Cy group were significantly suppressed
when compared to those of the Con group (P < 0.01),
however, MDA levels were significantly elevated (P <
0.01). In the Cy+HT group, SOD and GSH-Px activities
were significantly elevated, when compared to those of
the Cy group (P < 0.01), while MDA levels were signifi-
cantly suppressed (P < 0.01). In the HT group, SOD
and GSH-Px activities as well as MDA levels were not
significantly different from those of the Con group (P >
0.05). In conclusion, HT enhanced the activities of SOD
and GSH-Px, suppressed MDA levels, enhanced antioxi-
dant capacity in cells and effectively improved lipid per-
oxidation levels in Cy-induced immunosuppressed
broilers.
DISCUSSION

In poultry, gastrointestinal microbiota play an impor-
tant role in intestinal health and nutrition (Xiao et al.,
2017). Bioactive phytochemicals can stimulate innate



Figure 5. mRNA expression levels of IL-2, IL-4, and IL-10 in the duodenum. (A) IL-2; (B) IL-4; (C) IL-10. *Indicates minimum significant dif-
ferences (P < 0.05), and ** indicates highly significant differences (P < 0.01).
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immunity, thereby inhibiting pathogenic invasion. Plant
extracts have been shown to improve growth perfor-
mance and feed efficiency of broilers by improving nutri-
ent digestibility, and reducing intestinal pathogen-
Figure 6. Effects of HT on SOD, GSH-Px activities, and MDA levels in
significant differences (P < 0.05), and ** indicates highly significant differenc
peroxidase; MDA, malondialdehyde; SOD, superoxide dismutase.
associated stress by enhancing digestive enzyme secre-
tion, thereby affecting intestinal pathology, gastrointes-
tinal motility, or bile acid secretion (Leskovec et al.,
2018; Zhu et al., 2019). Olive leaf extracts exhibited
the duodenum. (A) SOD; (B) GSH-Px; (C) MDA. *Indicates minimum
es (P < 0.01). Abbreviations: HT, hydroxytyrosol; GSH-Px, glutathione
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intestinal anti-inflammatory activities in colitis model
mice, and the extract was also shown regulate the activi-
ties of cells involved in inflammatory responses
(Vezza et al., 2017). Supplementation of bioactive
extracts from olive residues into sea bream feeds exerted
positive effects on growth performance by improving
lipid metabolism in the liver and by enhancing innate
immune functions in the intestines (Gisbert et al., 2017).
Olive is rich in polyphenols such as HT, whose content is
about 0.058 to 0.768% (Ye et al., 2011). Metabolic bene-
fits of polyphenols to the body depend on their bioavail-
ability. The bioavailability of HT is low, and its plasma
concentration ranges are in the nanomolar (nmol) levels
(Peyrol et al., 2017). This could be because, HT plays a
certain direct biological activity in the gastrointestinal
tract before being absorbed. Intestinal flora regulation is
the most likely local effect of HT, which can improve
microbial community disturbance and protect intestinal
wall integrity (Wang et al., 2018). After oral administra-
tion of HT in rats, it was shown to enter intestinal epi-
thelial cells through passive diffusion (Manna et al.,
2000), reached the highest plasma concentrations within
5 to 10 min, after which its concentration decreased rap-
idly.

CD4+ and CD8+ T lymphocytes are important in
immune regulation (Parel and Chizzolini, 2004), there-
fore, changes in the number of CD4+ and CD8+ T lym-
phocytes can directly reflect immune states of a person
(Yin et al., 2015). As an important T lymphocyte sub-
group, CD4 + T lymphocytes can induce and enhance
cellular as well as humoral immune responses. By secret-
ing various cytokines, such as IL-2, IL-4, IL-6, and IL-10
among others, CD4+ T lymphocytes promote the activa-
tion and proliferation of Thl or Th2 T lymphocytes as
well as B lymphocytes, which produce the corresponding
antibodies. CD8+ T lymphocytes can kill and inhibit tar-
get cells, inhibit the differentiation and proliferation of B
lymphocytes as well as regulate cellular and humoral
immunity (Nhiem et al., 2010). Th1 cells secrete IL-2, IL-
12, and TNF-a, which are involved in cell-mediated
immune responses. Th2 cells secrete IL-4, IL-5, and IL-10
among others, which promote humoral or allergic reac-
tions (Sakthivel and Guruvayoorappan, 2015). In this
study, immunosuppressive chicken models were estab-
lished by Cy injection at a dose of 80 mg/kg/d, which
resulted in slow development of duodenal tissues, lower
VH/CD ratios and decreased expressions of CD8+ T
lymphocytes. However, after HT treatment, VH/CD
ratios and CD8+T lymphocyte counts were increased. In
addition, HT alleviated Cy-induced immune-suppression
in broilers, elevated duodenal CD4+ and CD8+ T lym-
phocyte counts, upregulated the mRNA expression levels
of IL-2, IL-4, and IL-10, and suppressed IL-6 and TNF-a
levels (Vilaplana-P�erez et al., 2014; Echeverría et al.,
2017). These findings are consistent with ours, which
proves that HT can enhance immune functions in
chicken. High Cy doses affect T cell expression areas in
lymphatic tissues (McCormick et al., 1987).

Oxidative stress, which is attributed to excess free
radicals, is a pathological feature of aging and various
diseases. Due to its free radical scavenging activities, HT
is an effective antioxidant that can inhibit intracellular
oxidative stress injuries (Manna et al., 1999). For exam-
ple, HT significantly elevated glutathione (GSH) levels
while suppressing the levels of ROS and those of other
free radicals in cells treated with Sudan red, thereby reg-
ulating oxidative stress and preventing oxidative DNA
damage. In a previous study, there was a dose-depen-
dent relationship between the degree of damage and con-
centrations of light tyrosol, that is, the higher the
concentration of light tyrosol, the lower the degree of
cell breakage (Qi and Jin, 2006). Prevention and treat-
ment of cardiovascular and cerebrovascular diseases by
HT is based on its strong antioxidant activities, which
regulate bile flow, increasing cholesterol and bile acid
levels in bile (Jemai et al., 2008). In addition, HT cor-
rects redox imbalances by scavenging for peroxides and
by enhancing antioxidant activities, thereby improving
obesity and insulin resistance (IR), which are attributed
to toxic substances or high fat diet (HFD) exposure
(Liu et al., 2007; Cao et al., 2014).
Cyclophosphamide can damage the DNA of normal

cells, cause immunosuppression and oxidative stress in
various tissues and organs, and sometimes death
(Chen et al., 2012). We found that Cy inhibited duode-
nal SOD and GSH-Px activities while elevating MDA
levels. However, HT treatment significantly increased
SOD and GSH-Px activities, and decreased MDA levels.
There were significant differences in oxidation parame-
ters between the Cy+HT and Cy groups. These findings
imply that HT can effectively scavenge for various free
oxygen radicals and their products, enhance antioxidant
capacities, and effectively improve lipid peroxidation in
immune-suppressed broilers. Therefore, HT has a pro-
tective effect on Cy-induced oxidative stress in vivo.
The exact repair mechanisms of HT and its interactions
with other drugs should be further evaluated.
CONCLUSIONS

In conclusion, HT stimulates suppressed immune sys-
tems, promotes free radical scavenging and enhances
local immunity as well as antioxidant activities in local
intestinal mucosa of broilers. The antioxidant functions
of HT may be correlated with their immune-enhancing
effects. However, other possible molecular mechanisms,
such as its anti-inflammatory mechanisms, should be
further evaluated.
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