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Abstract 
Background
Exposure to hypoxia may experience damage to the heart, brain, lungs and other organs due to the low inspired O2. 
The improvement of endurance of human in resisting hypoxia and reducing hypoxia‑induced organ damage is an urgent 
problem to be solved. WYY026B is a honokiol derivatives by structural modification, and exhibits very potent pharma‑
cological activities and medicinal properties in brain ischemia/reperfusion (I/R) injury.

Methods
We used hypoxia model cerebral I/R model to identify the anti-hypoxia effect of WYY026B. High performance liquid 
chromatograph and immunofluorescence assay were used to detect the relationship between WYY026B and Red blood 
cells (RBCs). Interaction between WYY026B and hemoglobin (Hb) were validated by surface plasmon resonance assay 
(SPR).

Results
We demonstrated that WYY026B increased arterial oxygen saturation (SaO2) and arterial partial pressure of oxygen un‑
der hypoxia stress to improve the hypoxia tolerance. Blood gas analysis showed that WYY026B significantly decreased 
cervical venous SaO2 and increased arteriovenous oxygen partial pressure difference in I/R model. Nissl´s staining in‑
dicated that WYY026B significantly reduced the degree of hypoxia in brain tissue. A series of tests in vitro revealed that 
WYY026B could combine with RBCs. SPR assays showed that WYY026B interacted with Hb.

Conclusion
Overall, WYY026B maybe a new drug to enhance the ability of Hb to carry oxygen and to protect brain from the hypoxia 
injury.
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Introduction
At present, many inhabitants still live in high altitude areas at 
>3,000 m elevation, and an increasing number of people have trav-
elled to high‑altitude areas, who have the potential risk of devel-
oping mountain sickness, high‑altitude pulmonary edema, high‑al-
titude cerebral edema due to exposure to a hypobaric hypoxia 
environment [1,2]. Exposure to hypoxia may experience damage 
to the heart, brain, lungs and other organs due to the low inspired 
O2 [3,4]. Stroke and acute myocardial infarction (AMI) have be-

come two of the leading causes of death and disability in the world 
[5-7]. The energy crisis and oxidative stress are the primary causes 
of neuronal death and brain damage or permanent damage to the 
myocardium due to the hypoxic-ischemic injury [8]. Therefore, the 
improvement of the endurance of humans in resisting hypoxia and 
reducing hypoxia‑induced organ damage is an urgent problem to 
be solved.

Researchers have established some animal models of hypoxia and 
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found many anti-hypoxia drugs through a lot of experimental stud-
ies [9,10]. Acetazolamide, a potent carbonic anhydrase (CA) in-
hibitor, is the most commonly used and best-studied agent for the 
amelioration of acute mountain sickness [11-13]. Rhodiola rosea 
L. has long been used as traditional medicines which can improve 
the anti-hypoxia ability of the body, relieve hypoxia response, and 
reduce tissue damage caused by hypoxia(Li et al. 2021). However, 
existing drugs cannot meet the need for effective prevention and 
treatment of hypoxia. It is still of great significance to find safe and 
effective anti-hypoxia drugs.

Current researches demonstrate that red blood cells (RBCs) are 
designated carriers of oxygen transport to various body tissues. In-
creasing the oxygen affinity of hemoglobin (Hb) in RBCs enhanc-
es physiological tolerance to hypoxia and is a promising approach 
for treating a range of diseases caused by hypoxia [14]. A variety 
of small molecules have been identified that increase the oxygen 
affinity of Hb [15-18]. GBT440, a novel anti-polymerization and 
anti-sickling agent, increases Hb oxygen affinity and reverses in 
vitro sickling of previously sickled red blood cells under hypox-
ic conditions [19,20]. GBT1118, a structural analog of GBT440, 
bonded covalently and reversibly via an imine intermediate to the 
NH2-terminal valine of the Hb-chain and allosterically increases 
intracellular Hb affinity for O2 to preserved O2 delivery to tissues 
[16]. TD-1, a novel allosteric effector of Hb induced a greater in-
crease in oxygen affinity of human Hb [21].

Our researches developed a new series of honokiol derivatives by 
structural modification, and some exhibited very potent pharma-
cological activities and medicinal properties in brain ischemia/
reperfusion (I/R) injury [22-26]. In this study, we aimed to dis-
cuss WYY026B, a honokiol derivatives, with the functional con-
tribution under hypoxic and ischemic conditions and identify its 
potential relationship with Hb for future clinical development as 
anti-hypoxia protectant.

Material and methods
Compounds
WYY026B, WYY026B reference compound and WYY026B-bio-
tin were synthesized at Beijing Honghui Medical Technology Co., 
Ltd, Beijing (China).

Hypoxia experiments in rats
The experimental protocol was approved by the Institutional An-
imal Care and Use Committee of Tianjin Medical University and 
conducted according to the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals. Male Sprague Dawley 
(SD) rats (220-240 g) were obtained from SiPeiFu (Beijing) Bio-
technology Co., Ltd. Free access of standard diet and tap water 
was provided to animals.

The rats were placed in a closed device, and the O2 concentration 
in the device was monitored and controlled by an oxygen control 
instrument (Nanjing Xinfei Analytical Instrument Manufactur-
ing Co., Ltd, XF-669, China), so that the O2 concentration in the 

device was reduced to 11%. Blood was taken from the femoral 
artery at 24 h before hypoxia treatment and 6 h after under hypox-
ia condition for arterial blood gas analysis by blood gas analyzer 
(Abbott Laboratories, i-STAT300, USA). NS as control group and 
WYY026B was administered (i.v.) at 0.25mg/kg and 1 mg/kg be-
fore hypoxia treatment (n = 4 for each group).

The blood oxygen saturation (SaO2) and partial pressure of ox-
ygen (PaO2) of Jugular venous blood after cerebral I/R injury
The cerebral I/R injury model in Sprague Dawley (SD) rats were 
prepared as previously described [27,28]. Briefly, animals were 
anaesthetized with chloral hydrate (10%, 350 mg/kg, i.p.). Body 
temperature was maintained at 37°C with a heated surgery pad, 
fixed in the supine position. The right common carotid artery 
(CCA), internal carotid artery (ICA) and external carotid artery 
(ECA) were surgically exposed, and then a siliconized nylon fil-
ament with blunted tip was introduced into the ICA through an 
incision in the external carotid artery and gently advanced 20±2 
mm for rats until the tip reached the origin of the middle cere-
bral artery. At the same time, the animals were administered with 
WYY026B (i.v., 0.25 mg/kg, 250 μL/250 g body weight) or NS 
(i.v., 250 μL/250 g body weight). After 2 h occlusion, the filament 
was gently removed to restore blood flow. Before surgery, 1 hour 
of ischemia and 0.5 hours of reperfusion, femoral artery blood and 
cervical venous blood were collected for further assays. Blood was 
analyzed by blood gas analyzer (Abbott Laboratories, i-STAT300, 
USA).

Nissl´s staining
Histology staining was performed on 3 m paraffin sections of the 
rat brain tissue. Nissl´s staining was carried out according to the 
manufacturer’s protocols (Wuhan servicebio technology Co., Ltd, 
China). The staining was digitized with a Nikon orthotopic light 
microscope (Nikon Eclipse E100 and NIKON DS-U3 imaging 
system).

Isolation of red blood cells from rats
Whole blood (about 1 mL) was collected from orbital plexus of 
healthy SD rats (about 200 g), and the blood was added to a 1.5 
mL centrifuge tube premixed with heparin sodium. The blood was 
gently shaken and centrifuged for 4 min at 4℃ (4800 rpm). The 
upper clear plasma and lower hematocrit were separated. Hemato-
crit (500 μL) was added to 500 μL NS was mixed and centrifuged 
for 4 min at 4℃ (4800 rpm). Washing was repeated 2 times, and 
about 500 μL hematocrit was obtained.

The content of WYY026B was determined by HPLC
The content of WYY026B in the supernatant was determined by 
HPLC (high performance liquid chromatograph, Agilent 1260 Se-
ries, USA) performed on an Agilent ZORBAX SB-C18 (4.6 × 250 
mm, 5 μm) column and peak detection at 212 nm with Agilent 
Technologics UV detector. Mobile phase A: 20 mM sodium dihy-
drogen phosphate (pH 3.0); mobile phase B: acetonitrile; flow rate: 
1 mL/min; column temperature: 35°C; injection volume: 40 μL.
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Immunofluorescence assay of RBCs
RBCs 100 μL were incubated with 1 mL of the WYY026B-biotin 
solution (200 μg/mL) at 37°C for 10 min, then washed with NS 
for 3 times. The washed RBCs were centrifuged each time for 4 
min at 4°C (2000 rpm), and the supernatant was removed. The 
RBCs were fixed in 1% paraformaldehyde solution for 15 min. 
Add 0.01% Triton X-100 permeable solution 100 μL to the RBCs 
at room temperature for 5 min, then washed with NS for 3 times. 
The RBCs were incubated with 400 μL 3% BSA blocking solution 
at room temperature for 1 h. The RBCs were incubated in the an-
ti-Biotin-FITC antibody solution (1:100, Sigma Aldrich, F4024, 
USA) at room temperature avoid light for 1 h, then washed with 
NS for 3 times. The RBCs were incubated in the DiR solution (40 
μg/mL, PerkinElmer, 125964, USA) at room temperature avoid 
light for 20 min, then washed with NS for 3 times. Images were 
obtained and analyzed using confocal laser microscope (Leica, 
SP8, Germany).

Surface plasmon resonance assay
Surface plasmon resonance (SPR) analysis was conducted with 
Open SPR instrument (Nicoyalife, Canada). WYY026B was dilut-
ed in running buffer PBS containing 1% DMSO at concentrations 
ranging from about 0.781 M to 12.5 μM. Analytes were injected 
through reference and active channels at a flow rate of 20 μL/min. 
The association and dissociation times were 240 and 360 s. The 
kinetic parameters of the binding reactions were calculated and 
analyzed by using Trace Drawer software (Ridgeview Instruments 
AB, The Kingdom of Sweden).

Statistical analysis
Data were analyzed with GraphPad Prism software. All values 
were expressed as the mean ± SD. Statistical analyses were carried 
out by Student t-test. A value of P<0.05 was considered statistical-
ly significant.

Results
Effect of WYY026B on the oxygen-carrying capacity of blood 
in rats under hypoxic stress
In order to determine the anti-hypoxia effect of WYY026B, we 
tested the oxygen carrying capacity of blood in rats. Arterial ox-
ygen parameters were detected after 6 h under hypoxia condition 
(oxygen content, 11%). The blood oxygen saturation (SaO2) and 
partial pressure of oxygen (PaO2) of the control before hypoxia 
group and WYY026B before hypoxia group were used as the ref-
erence value for comparison. The results showed that there was 
a marked drop in SaO2 and PaO2, and RR was speeded up sig-
nificantly after hypoxia treatment. PaO2 and SaO2 were increased 
markedly after administered (i.v.) with WYY026B after hypoxia 
group compared with control after hypoxia group (Fig. 1A and 
1B). These results showed that WYY026B improved the oxy-
gen-carrying capacity of blood in rats in hypoxia.

Figure 1: Effect of WYY026B on the oxygen-carrying capacity 
of blood in rats under hypoxic stress. Arterial oxygen parameters 
were detected at 24 h before hypoxia treatment and 6 h after under 
hypoxia condition (oxygen content, 11%). WYY026B was admin-
istered (i.v.) at 0.25 mg/kg and 1 mg/kg before hypoxia treatment. 
Control group: NS. (A) PaO2; (B) SaO2. Data are reported as the 
mean ± SD. Student t-test: ** P<0.01 versus control group after 
hypoxia. # P<0.05, ## P<0.01, ### P<0.001 versus normoxia 
group.

Anti-hypoxia effect of WYY026B in cerebral I/R model
In order to study the anti-hypoxia effect of WYY026B, we tested 
PaO2 and SaO2 in the femoral artery and cervical venous of rats 
subjected to 2 h ischemia following 0.5 h reperfusion. NS as vehi-
cle, or WYY026B at 0.25 mg/kg were immediately administered 
(i.v.) after ischemia. WYY026B significantly decreased cervical 
venous PaO2 and SaO2 under cerebral ischemia and hypoxia (Fig. 
2A and 2B). Under the condition of hypoxia, the oxygen partial 
pressure gradient (arteriovenous oxygen partial pressure differ-
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ence, Fig. 2C) was increased, which promoted the diffusion of O2 
molecules to tissue cells. We also investigated the potential ther-
apeutic effects of WYY026B on I/R injury with the rat tMCAO 
model subjected to 2 h ischemia with following reperfusion for 24 
h. WYY026B at 0.25 mg/kg was administered immediately (i.v.) 
after ischemia. Nissl’s staining showed that WYY026B prevented 
apoptosis to protect brain tissue (Fig. 3). All of this implied that 
WYY026B can improve the hypoxia tolerance of rats.

Figure 2: WYY026B increases the hypoxia tolerance of brain in 
cerebral I/R rat model. (A) The PaO2 of femoral arterial and cervi-
cal venous blood after 2.5 h of cerebral I/R injury in rats by blood 
gas analysis (n=4/5). (B) The SaO2 of femoral arterial and cervical 

venous blood after 2.5 h of cerebral I/R injury in rats by blood gas 
analysis (n=4/5). (C) The arteriovenous oxygen partial pressure 
difference between femoral artery and cervical venous after 2.5 h 
of cerebral I/R injury in rats (n=4/5). Data are reported as the mean 
± SD. Student t-test: ** P<0.01 versus control group.

Figure 3: The anti-apoptosis effect of WYY026B on cerebral I/R 
injury in rats. Representative pictures of Nissl’s staining in the 
ischemic brain after 24 h of cerebral I/R (scale bar, 1 mm).

Figure 4: The localization of WYY026B after interaction with 
RBCs. Monoclonal anti-Biotin-FITC antibody was used for immu-
nofluorescence staining of RBCs incubated with WYY026B-Bio-
tin. At the same time, RBCs were labeled with DiR fluorescent 
marker. (A) The fluorescence was observed from the 2D perspec-
tive. Scale bar: 2 μm. (B) The fluorescence was observed by 3D 
perspective from the frontal view of RBCs. Scale bar: 5 μm.
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Interaction between WYY026B and Hb were validated by SPR 
assay
To investigate the effect of WYY026B on affinity of Hb-O2 by 
binding to Hb. The interaction of WYY026B and Hb was evaluat-
ed by biomolecular interaction analysis with SPR. The kinetics oμf 
the binding reaction was determined by injecting different concen-
trations of WYY026B over a human Hb (Sigma, USA) immobi-
lized on the chip surface. The data showed that the equilibrium dis-
sociation constants (KD) was 2.22 μM according to the obtained 
association and dissociation rates (Fig. 5). In this study, we deter-
minate that WYY026B can combine with the Hb, thus improving 
the oxygen carrying capacity of blood to resist hypoxia injury.

Figure 5: Characterization of the affinity between WYY026B and 
Hb, which was immobilized on a CM5 sensor chip, based on the 
SPR assay. The KD value was labeled in the corresponding curves.

WYY026B interacts with RBCs
In order to study the relationship between WYY026B and various 
components in blood, WYY026B was mixed with whole blood, 
plasma or RBCs of rats and incubated in water bath at 37℃ for 10 
min. NS has no blood component as a control. After incubation, 
the samples of each group were treated to obtain the supernatant. 
High performance liquid chromatograph (HPLC) was used to de-
tect the drug content in the supernatant (Supplementary Fig. 1). 
According to the WYY026B content in the supernatant, the loss 
ratio of the WYY026B was calculated which was only 1.05% in 
plasma, but 75% in whole blood and 80% in RBCs (Table 1). It 
was speculated that the content change of WYY026B was mainly 
caused by RBCs after contact with blood.

To further investigate the interaction relationship between 
WYY026B and RBCs. WYY026B (0.2 mg/mL) was mixed with 
RBCs of rats and incubated in water bath at 37℃ for 10 min, 30 
min and 60 min. After incubation, the samples of each group were 
treated to obtain the supernatant. HPLC was used to detect the 
drug content in the supernatant (Table 2 and Supplementary Fig. 
2). Accordingly, the retention amount of WYY026B in supernatant 
decreased. At 60 min, no free drugs could be detected in super-
natant. This suggested that all of WYY026B were acted upon by 
RBCs at 60 min.

Table 1: The interaction relationship between WYY026B with blood components

Blood compo-
nent

Blood compo-
nent volume 
(μL)

WYY026B 
dosage (mg)

Area under 
curve (mAU*s)

WYY026B 
content in the 
supernatant 
(μg)

Amount of loss 
(μg)

loss ratio (%)

Plasma 100 0.2 1270.1 197.9 2.1 1.05
RBCs 100 0.2 258.4 39.3 160.3 80
Whole blood 200 0.1 164.6 25.0 75.0 75
NS / 0.2 5262.5 200 0 0

WYY026B was mixed with whole blood, plasma or RBCs of rats and incubated in water bath at 37℃ for 10 min. NS has no blood 
component as a control. HPLC was used to detect the drug content in the supernatant, in terms of Area under curve.

Table 2: The interaction relationship between WYY026B and RBCs]

Action time (min) WYY026B content in the supernatant (μg) WYY026B content in RBCs (μg)
10 35.94±0.226 164.02±0.001
30 14.47±0.095 185.51±0.022
60 0±0.000 200±0.000
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WYY026B was mixed with RBCs of rats and incubated in water 
bath at 37℃ for 10 min,.30 min and 60 min. HPLC was used to 
detect the drug content in the supernatant, in terms of Area under 
curve. Data are reported as the mean ± SD, n = 3 for each group.

The effect of drug dosage on the interaction of WYY026B to RBCs
To explore the effect of drug dosage on the interaction of WYY026B 
to RBCs, dosage were set at 20、50、100、200、250、260

、270、280 μg/mL. Different doses of WYY026B were mixed 
with RBCs of rats and incubated in water bath at 37℃ for 10 min. 
After incubation, the samples of each group were treated to obtain 
the supernatant. HPLC was used to detect the drug content in the 
supernatant (Table 3 and Supplementary Fig. 3). There was a satu-
ration trend, when the dosage of WYY026B was 250 μg/mL. The 
slope value of WYY026B action showed an inflection point (from 
0.83 to 0.48), and tended to be stable afterwards.

Table 3: The effect of drug dosage on the interaction of WYY026B to RBCs

WYY026B concentration (μg/
mL)

WYY026B content in the 
supernatant (μg)

WYY026B content in RBCs 
(μg)

Slope value

20 0 20 1.00
50 0.84 49.26 0.98
100 7.05 92.95 0.87
200 36.54 163.45 0.71
250 44.86 205.14 0.83
260 50.03 209.97 0.48
270 62.23 207.76 -0.22
280 67.12 212.87 0.51

Different doses at 20、50、100、200、250、260、270、280 
μg/mL of WYY026B were mixed with RBCs of rats and incubated 
in water bath at 37℃ for 10 min. After incubation, the samples 
of each group were treated to obtain the supernatant. HPLC was 
used to detect the drug content in the supernatant, in terms of Area 
under curve.

The localization of WYY026B after interaction with RBCs
In order to intuitively observe the localization of WYY026B and 
RBCs after interaction, WYY026B and RBCs were labeled with 
fluorescence respectively, and then observed the site of action be-
tween the WYY026B and RBCs by fluorescence copolymeriza-
tion technology. WYY026B were labeled by biotin. Monoclonal 
anti-Biotin-FITC antibody was used for immunofluorescence 
staining of RBCs incubated with WYY026B-Biotin. At the same 
time, RBCs were labeled with DiR fluorescent marker. Confocal 
fluorescence microscopy showed that WYY026B co-located with 
RBCs (Fig. 4). The fluorescence was observed from the 2D and 3D 
perspective. The presence of WYY026B on the surface of RBCs 
could be observed from the frontal view of RBCs, and the presence 
of WYY026B in the interior of RBCs could be observed from the 
lateral view of RBCs.

Discussion
Hypoxia can occur in many extreme environments including pla-
teau, diving, aerospace, and high intensity exercise, and may occur 
during many diseases including acute cerebral ischemia, myocar-
dial infarction and serious hypotension (Nikinmaa 2020) [29,30]. 
The heart, brain, lungs are extremely sensitive to different forms of 
hypoxia [31-33].Therefore, an anti-hypoxia protectant for improv-
ing tissue damage due to a lack of oxygen or obstacles to the use of 
oxygen has become an important are [9]. In the norm baric hypox-

ia assessment, insufficient oxygen supply severely reduced the in-
tracellular oxygen partial pressure and oxyhemoglobin saturation, 
while WYY026B increased markedly SaO2 and PaO2. In the focal 
cerebral I/R assessment, WYY026B significantly reduced the de-
gree of hypoxia in brain tissue and increased arteriovenous oxygen 
partial pressure difference. Hence, WYY026B have the function of 
improving anoxia tolerance.

RBCs act as the major media for transporting oxygen in the blood. 
In this study, a series of studies were conducted on the in vitro 
reaction mode of WYY026B with red blood cells to confirm that 
WYY026B and red blood cells have obvious effects. Through 
the study of the reaction between WYY026B and blood compo-
nents, it was concluded that the content of WYY026B remained 
unchanged after the reaction with plasma in the supernatant, and 
WYY026B is substantially reduced after contact with whole blood 
or RBCs. Through the study of the combination of WYY026B and 
RBCs, it was found that the effect of WYY026B and RBCs in-
creased with the increase of the time and dosage, and there was a 
saturation trend. Further, it was found that WYY026B co-located 
with RBCs determined by fluorescence labeling. The results in the 
present study suggest that WYY026B can enter into the RBCs to 
improve the oxygen carrying capacity of blood.

The oxygen-carrying capacity of Hb in RBCs is the key to tissue 
oxygen demand  [34,35]. WYY026B significantly increased cer-
vical venous SaO2 under cerebral ischemia and hypoxia of mice 
and rats. This implied that WYY026B can improve the hypoxia 
tolerance of animal model. The interaction of WYY026B and Hb 
evaluated by biomolecular interaction analysis with SPR to indi-
cate the effect of WYY026B on affinity of Hb-O2 by binding to 
Hb. What is not enough is that we need to further explore how 
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WYY026B regulates the oxygen affinity of Hb and its influence on 
the structure of oxygenated Hb.

In addition to high altitude hypoxia, many diseases cause the 
body’s tissues to be exposed to low oxygen, such as ischemic 
stroke and acute myocardial ischemia. WYY026B significantly 
decreased cervical venous SaO2 under cerebral ischemia and hy-
poxia. WYY026B improves the oxygen utilization of brain tissue 
and increases the ability of brain tissue to withstand hypoxia.

WYY026B, one of the honokiol derivatives, has the function with 
improving the oxygen-carrying capacity of blood in rats under hy-
poxia. WYY026B significantly reduced the degree of hypoxia in 
brain tissue in brain I/R injury animal model. We identified the po-
tential relationship between WYY026B and Hb for future clinical 
development as anti-hypoxia protectant.
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