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Abstract: Arachidonic acid (AA) metabolic network generates a variety of products that mediate or modulate in-
flammatory reactions. (+)-2-(1-hydroxyl-4-oxocyclohexyl) ethyl caffeate (HOEC), isolated from Incarvillea mairei var. 
granditlora (Wehrhahn) Grierson, was found as an inhibitor of 5-LOX and 15-LOX in vitro. When evaluated in colla-
gen-induced arthritis (CIA) rats, however, lowdose of HOEC (1 mg/kg) showed better efficacy than that of high dose 
(10 mg/kg). To study how HOEC interfered the AA metabolic pathway, in this study, we dynamically observed the 
changes of plasma AA metabolites (LTB4, LTC4, 15-HETE, PGE2, TXB2 and PGD2) in the CIA rats treated with dif-
ferent doses of HOEC by using enzyme-linked immunosorbent assay (ELISA). The results showed that eicosanoids 
were elevated synchronously at three time points in different treated rats. The incidence of arthritis had a higher 
correlation with LOX pathway while the COX pathway might be more important in the severity of arthritis. HOEC in all 
doses could inhibit LOX pathway in the beginning of arthritis while highdose of HOEC could induce the increase of 
COX metabolites in the later stage of disease. These dynamic changes of eicosanoids, depending on the regulation 
of metabolic flux, can be interfered by HOEC and thus affect the output of efficacy.

Keywords: Arachidonic acid metabolic network, eicosanoids, quantified dynamic, metabolic flux, rheumatoid 
arthritis

Introduction

Arachidonic acid (AA) pathway generates bioac-
tive lipid mediators which regulate a diverse 
range of inflammatory processes [1]. In recent 
years, researchers turn to target-based drug 
design as an efficient way to treat inflamma-
tion. However, the withdrawal of VIOXX (rofe-
coxib) has sparked a wave of reexamination of 
the previous thought. Since the metabolic net-
work of arachidonic acid is a balancing system, 
over-inhibiting a single metabolic pathway will 
disturb the balance of the network, which is not 
advisable. Multi-targeted drug design for anti-
inflammation, which is a novel alternative of 
drug design, making people to explore the 
quantitative relationship between metabolites 
of arachidonic acid. Lai et al. proposed the con-
cept of AA metabolic network in 2007. They 
established a model of arachidonic acid metab-
olism network of polymorphonuclear leukocyte 
(PMN), which can be used to predict the ef- 
fect of multi-target drug [2]. Similar work by 

Shankar Subramaniam et al. in RAW264.7 and 
bone marrow derived macrophages (BMDM) 
provided a model for computer-assisted drug 
design [3, 4]. The further studies of Lai’s lab in 
2015 improved the AA metabolic network and 
provided a new strategy for designing safe and 
effective anti-inflammatory drugs [5]. However, 
all the above mentioned works were based on 
cell-free and cell based systems. The animal 
based AA metabolism network model is still 
unestablished due to the complexity of in vivo 
system.

Rheumatoid arthritis (RA) is a chronic inflamma-
tory disease characterized by persistent sy- 
novial inflammation and cartilage destruction 
induced articular malformation [6]. A metabolic 
pathway can produce many lipid mediators 
(eicosanoids) of inflammation which play impor-
tant roles in the RA pathogenesis. Lipoxygenase 
(LOX) pathway and cyclooxygenase (COX) path-
way are two major pathways of AA metabolism. 
Expression levels of both COX-1 and COX-2 lev-
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els are markedly increased in RA patients and 
the COX metabolites increase not only in the 
inflammatory site but also in the overall system. 
The levels of PGE2, PGF2α, 6-keto-PGF1α, 
PGD2 and TXB2 in the synovial fluid of NSAIDs-
treated RA patients are lower than those of 
non-treated [7, 8]. The levels of 11-dehydro-
TXB2 and 2, 3-dinor-6-keto-PGF1α in RA pa- 
tients’ urine are higher than that in healthy vol-
unteers [9]. As for LOX pathway, LTB4 is also a 
key inflammatory factor in RA. Both increase of 
LTB4 in serum, synovial fluid and synovium of 
RA patients [10, 11] and the enhancement of 
neutrophil synthesized LTB4 [12] have been 
reported. However, neither COX nor 5-LOX in- 
hibitor is satisfactory in clinical application. The 
inhibition of COX induces gastrointestinal ad- 
verse reaction and the selective inhibitor of 
COX-2 causes fatal cardiovascular risk, not to 
mention that 5-LOX inhibitor and 5-LOX antago-
nist have little therapeutic effect on RA pati- 
ents [13, 14]. New modes for drug design are 
urgently needed for RA medications. 

Although the pathogenesis of RA is still un- 
clearly demonstrated, it is certain that RA is  
an autoimmunity disease [15]. Collagen-induc- 
ed arthritis (CIA) is a common animal model of 
RA. Collagen II is expressed only in the arthro-
dial cartilage; thus, heterogeneous collagen II 
induced rejection reaction will result in damage 
to joint [16]. Owing to the very similar pathologi-
cal characteristics to RA including synovitis, 
pannus, cartilage erosion and bone damage, 
CIA is generally considered as the most reliable 
animal model of RA. COX-2 plays a very impor-
tant role in CIA which is over-expressed in the 
synovial tissue. The inhibition of COX-2 can 
reverse pathological changes effectively [17]. 
In addition, the severity of CIA in COX-2-/- mice is 
milder than in COX-1-/- and wild type mice, which 
suggests that COX-2 plays a critical role in the 
pathogenesis of CIA [18]. mPGES-1, the termi-
nal biosynthetic enzyme of PGE2, is also sig- 
nificantly increased in the arthritis paws [19]. 
However, PGD2 as another metabolite of COX- 
2 is probably an anti-inflammatory factor. The 
injection of exogenous PGD2 can alleviate CIA, 
PGD2 receptors, i.e. DP1 and DP2, rise and 
antagonist of DP1 treatment may aggravate  
the condition [20]. On the other hand, though 
no good performance of 5-LOX inhibitor is ob- 
served in RA, this kind of medicine has some 
therapeutic effect on CIA [21, 22]. 15-HETE is 

the main metabolite of 15-LOX, however little 
has been known about its role in RA. 15-HETE 
is one of the ligands of PPARγ [6], but it can 
also induce the production of IL-4, IL-1β [23], 
indicating that 15-HETE may have both pro-
inflammatory and anti-inflammatory function.

(+)-2-(1-hydroxyl-4-oxocyclohexyl) ethyl caffeate 
(HOEC) is isolated from Incarvillea mairei var. 
granditlora (Wehrhahn) Grierson. The plants of 
Incarvillea genus have long been used as folk 
medicines for the treatment of inflammation-
related diseases in China. It has been report 
ed to inhibit 5-LOX (IC50 = 34.6 μM) and 15- 
LOX (IC50 = 7.8 μM) on the enzyme level and to 
inhibit 5-LOX in RAW264.7 and human whole 
blood [24]. In the previous studies, we found 
that HOEC was effective on CIA rats. However, 
the efficacy of HOEC in lower dose (1 mg/kg) 
was better than that in higher dose (10 mg/kg). 
To explain why higher dose is worse than the 
lower dose, in this study, we focused on HOEC’s 
effect on dynamic changes of AA metabolites 
and how HOEC interfering AA metabolism net-
work, with the aim of finding the cause behind 
the unusual phenomenon.

Materials and methods

Rats

Male Wistar rats, weighing 130±10 g, were pur-
chased from Slac Laboratory Animal (Shanghai, 
China). The rats were housed in a temperature 
(22±1°C) and humidity (55%) - controlled room 
with a 12-hour light/dark cycle. Water and food 
were provided ad libitum. 

Collagen-induced arthritis

A 1:1 emulsion composed of bovine type II col-
lagen (2 mg/ml, dissolved in 0.05 M acetic 
acid) (CII, Chondrex, USA) and incomplete Fre- 
und’s adjuvant (IFA, Chondrex, USA) was pre-
pared using a high-speed homogenizer (IKA 
Inc., Germany) on ice. To establish a CIA model, 
rats were immunized by intradermally injecting 
the emulsified mixture containing CII (200 mL/
rat) at their back base of tails. On day 7, rats 
received booster injection of 100 mL emulsi-
fied CII mixture. In the normal control group, 
equal volumes of sterilized saline were injected 
in rats simultaneously when the experimental 
group was immunized.
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Clinical scores were used to evaluate the inci-
dence and severity of arthritis [25]. The scoring 
criteria, which was based on the swelling of 
each back paw, was as follows: 0 for no swelling 
and redness; 1 for swelling of the toe joints; 2 
for swelling of the toe joints and footpad; 3 for 
swelling of the paw below ankle; and 4 for swell-
ing of the entire paw including ankle. The total 
score of each rat was calculated by adding the 
scores of two back paws. Scores were record- 
ed every other day and the body weights were 
recorded every three days both until the end of 
the experiment.

Treatments of HOEC and drawing blood

Rats (n = 48) were randomly divided into five 
groups before immunization: a normal control 
group (n = 8), a CIA model group (n = 10) and 
three HOEC treated groups (1 mg/kg, n = 10, 3 
mg/kg, n = 10, and 10 mg/kg, n = 10). 1 ml of 
saline or HOEC (1 mg/kg, 3 mg/kg and 10 mg/
kg) was intraperitoneally injected into normal 
control rats, CIA model rats and HOEC treated 
rats, respectively, once a day from the first day 
to the end of the experiment. 

Blood samples were collected on days 0, 4, 7, 
9, 12, 15, 18, 21, 25, 29, 34 (5 control rats and 
8 rats of every other groups). The plasma was 
prepared by 15-min centrifugation at 1000 × g, 
4°C and then stored at -80°C for further 
detection.

On day 36, rats were sacrificed and two back 
paws of each rat were collected for histological 
study and immunohistochemistry assay.

Histopathology

After 24 hour’s fixation in 4% paraformalde-
hyde, the hind paws were decalcified in 10% 
EDTA for 4 weeks and then embedded in paraf-
fin. Tissue sections (5 μm thick) were stained 
with haematoxylin-eosin (Beyotime Biotech- 
nology, China) for light microscope (ECLIPSE 
TS-100, Nikon, Japan) examination. 

Ice-cold ethanol was added into 250 μL plasma 
on a three-times-the-volume basis, and then 
thoroughly mixed and incubated at 4°C for five 
minutes. After a 15 min centrifugation (3000 × 
g, 4°C), the supernatant was transferred into a 
clean polypropylene tube and the ethanol was 
evaporated completely under a gentle stream 

of nitrogen at room temperature. The dry sam-
ple was dissolved in 250 μL EIA buffer.

The concentrations of plasmas LTB4, LTC4, 
15-HETE, PGE2, TXB2, and PGD2 were assayed 
using ELISA kit (Cayman Chemical Company, 
Ann Arbor, MI, USA). Take the LTB4 ELISA Kit  
for example, the assay is based on the com- 
petition between LTB4 and an LTB4-acetyl- 
cholinesterase (AChE) conjugate (LTB4 Tracer) 
for a limited amount of LTB4 Antiserum. The 
concentration of LTB4 tracer is constant and 
LTB4 in the sample solution competitively binds 
to the LTB4 Antiserum. Ellman’s Reagent can 
react with the AChE on the LTB4 Tracer and turn 
to a yellow color product which can be counted 
as concentration by reading the absorption 
intensity of the well. During the experiment, the 
assay was performed according to instrument 
instructions. The plate contained two blanks 
(Blk), two non-specific binding wells (NSB), two 
maximum binding wells (B0), and an eight points 
standard curve running in duplicate. As the first 
step, 100 μL EIA Buffer was added to NSB 
wells, 50 μL EIA Buffer was added to B0 wells, 
50 μL standard 1-8 was added to standard 
wells, and 50 μL sample per well was added, 
with each sample having a duplicate well. Then 
50 μL LTB4 Tracer was added to each well 
except the Blk wells and 50 μL LTB4 Antiserum 
was added to each well except the NSB and the 
Blk wells. The plate was later incubated over-
night at 4°C. Wells were then emptied and 
rinsed five times with Wash Buffer, and 200 μL 
Ellmans’s Reagent was added to each well. In 
the end, the plate was incubated in the dark at 
25°C for 90 min and read at a wavelength of 
410 nm using a multimode reader (Synergy 2, 
BioTek, USA). The results of the concentrations 
were calculated according to the procedure 
provided by the manufacturer.

Statistical analysis

Data were expressed as mean ± SEM. Sta- 
tistical significance was analyzed using Stu- 
dent’s t for two-group comparisons, analysis of 
variance (ANOVA) for multiple group compari-
sons followed by least significant difference 
(LSD) post hoc test, and Pearson correlation for 
correlation between two groups. P < 0.05 was 
considered significant. Non-parametric test 
was used when homogeneity of variances had 
significant difference. Statistical analyses were 
performed with IBM SPSS Statistics 16.0.
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Results

Pharmacodynamics evaluation of HOEC on 
collagen-induced arthritis

To compare the drug effect of different dosag- 
es of HOEC, we set five groups of rats, including 
normal control, CIA model, and three HOEC 
doses, that is, 1 mg/kg, 3 mg/kg and 10 mg/
kg, respectively. HOEC and equal volumes of 
solvent of HOEC were administered i.p. to rats 
in the corresponding group once per day from 
day 1 to day 36. As shown in Figure 1B, rats in 
model group were initiated in the early stage of 
disease (arthritis score of 1.8±1.5 on day 18), 
and the disease became worse at the maximal 
arthritis score of 6.6±0.8 by day 26 and then 
decreased gradually (having a final arthritis 

score of 5.4±1.0 on day 36). HOEC in different 
doses could alleviate the clinical symptoms of 
arthritis. However, the 1 mg/kg and 3 mg/kg 
HOEC showed better inhibitory effects on ar- 
thritis than 10 mg/kg. No obvious difference 
(maximal arthritis score: 4.7±1.0, 4.5±0.8 and 
final arthritis score: 3.2±0.9, 3.1±0.6) was 
observed between 1 mg/kg and 3 mg/kg HOEC 
treatments. The group of 10 mg/kg had the 
poorest inhibitory effect compared with other 
two doses (maximal arthritis score: 5.2±1.0 
and final arthritis score: 4.1±0.9). 

Histological analysis of different doses of 
HOEC

On day 36 of the experiment, rats were sacri-
ficed by decapitation. Hind paws from rats of 

Figure 1. Effect of HOEC on collagen induced arthritis in rats. A. Experimental processes of collagen induced arthri-
tis. Rats were primary immunized on day 0 and boost immunized on day 7. HOEC was administered i.p. once per day 
from day 1 to day 36 and blood samples were collected on days 0, 4, 7, 9, 12, 15, 18, 21, 25, 29, 34. On day 36, 
rats were sacrificed and their hind paws were cut for histological study and immunohistochemistry assay. B. Arthritis 
scores of rats in different treatment groups. Rats were divided into five groups: normal control (n = 5), model (n = 
5), HOEC 1 mg/kg (n = 8), HOEC 3 mg/kg (n = 6) and HOEC 10 mg/kg (n = 9). Arthritis scores were evaluated every 
two days. C. Representative image of hind paws from each treatment groups on day 36. Data shown are mean ± 
SEM. #P < 0.05, ##P < 0.01 for model versus normal control, *P < 0.05 for HOEC 3 mg/kg versus model. (LSD post 
hoc test).
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each group with average scores (n = 2) were 
obtained as representative samples for histo-
logical analysis. Typical arthritis features, such 
as synovial hypeplasia, multiple cartilage des- 
truction and pannus, were observed in model 
rats (Figure 2B). Meanwhile, rats in HOEC treat-
ment groups showed mild cartilage loss and 
pannus formation, and rats in HOEC 10 mg/kg 
group exhibited synovial hyperplasia, which 
matched the clinical scores (Figure 2C-E).

Profile of plasma arachidonic acid metabolites 
in collagen-induced model rats

To explain the relationship between the distinct 
effects of HOEC in different doses and the AA 
metabolism network, we monitored dynamic 
changes of six major eicosanoids involved in RA 
in plasma (Figure 3Ea). In symptomatic rats of 

tomatic rats, suggesting that the rise of PGE2, 
TXB2 and PGD2 was a general response to 
stimulation of the first immunization (p value = 
0.004, 0.012, LSD post hoc test). However, the 
level LOX metabolites was different between 
the symptomatic rats and the asymptomatic 
rats on day 7. LTB4 had a significant rise in 
symptomatic rats of the model group compared 
with the control group (p value = 0.013, LSD 
post hoc test); moreover, LTB4’s level in asymp-
tomatic rats was higher than that in symptom-
atic rats (p value = 0.035, LSD post hoc test), 
and LTC4 and 15-HETE were markedly lower in 
asymptomatic rats than in symptomatic rats 
(Figure 3B). The results indicate that the rise of 
LTB4 on day 7 was not characteristic in symp-
tomatic rats and LTC4’s and 15-HETE’s first 
peaks might have little association with the 
incidence of arthritis.

Figure 2. Ankle joint histology from hind paws of CIA rats. Rats were sacri-
ficed on day 36 and two back paws of each rat were collected to be made 
into tissue paraffin section which were then stained with H&E for micro-
scopic photography. Scale bar = 500 μm. (A-E) Representative tissue sec-
tions of control, model, HOEC 1 mg/kg, HOEC 3 mg/kg and HOEC 10 mg/
kg treatment groups; (F) Details of red box in (B), where s is synovial; cis 
cartilage, m is meniscus, bm is bone marrow, p is pannus, and arrow is 
cartilage destruction. HOEC can reduce damage of joint tissue caused by 
arthritis, but the effect was weaker in high dose than low and middle doses.

the model group, all measur- 
ed metabolites, i.e. LTB4, 
LTC4 and 15-HETE from LOX 
pathway and PGE2, TXB2 and 
PGD2 from COX pathway, in- 
creased after the first immu- 
nization and reached to the 
first peak on day 7. The second 
peak of all measured metabo-
lites appeared on day 15, 8 
days after boost immuniza-
tion. Furthermore, PGE2 and 
TXB2 had the third peak on 
day 25. No obvious increases 
of AA metabolites were ob- 
served in rats in the normal 
control group. 

Correlation between metabo-
lites’ peaks and the incidence 
of arthritis

Since some rats in the model 
group were asymptomatic, we 
compared the peak values of 
both symptomatic and asym- 
ptomatic rats in the model 
group, trying to explain the 
pathological meaning of these 
peaks. Though the first peaks 
of all AA metabolites increased 
markedly on day 7, when com-
pared with asymptomatic rats, 
the level of COX metabolites, 
as shown in Figure 3B, had no 
significant difference in symp-
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Figure 3. Dynamic changes of arachidonic acid metabolites in normal control and model groups. A. Concentration-
time curve of AA metabolites in control and model (symptomatic rats in model group) group rats. Plasmas were 
collected from rats at different time points (control n = 3, model n = 3) and the samples were assessed by ELISA. B. 
Comparison of the first peak values of arachidonic acid metabolites between the symptomatic and asymptomatic 
rats in model group. (control n = 3, symptomatic n = 3, asymptomatic n = 3). C. Comparison of the second peak 
values of arachidonic acid metabolites between the symptomatic and asymptomatic rats in model group. (control n 
= 3, symptomatic n = 3, asymptomatic n = 3). D. Comparison of the concentrations of AA metabolites between the 
symptomatic and asymptomatic rats in model group on day 25. (control n = 3, symptomatic n = 3, asymptomatic n = 
3). E. (a) Metabolic pathway flux distribution diagram. Six metabolites we monitored are enumerated. (b) Metabolic 
flux comparison diagram of symptomatic and asymptomatic rats in model group at the first peak. (c) Metabolic flux 
comparison diagram of symptomatic and asymptomatic rats in model group at the second peak. (d) Metabolic flux 
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As for the second peak on day 15, the maximal 
values of LTB4, LTC4 and 15-HETE in symptom-
atic rats were significantly higher than those  
in symptomatic rats of the model group (P value 
= 0, 0.007, 0.005, LSD post hoc test). But the 
maximal values of PGE2 and TXB2 in symptom-
atic rats were lower than that in asymptomatic 
rats (P value = 0, 0.004, LSD post hoc test). 
Interestingly, the change trend of PGD2 was 
similar as LTB4, LTC4 and 15-HETE varied 
(Figure 3C). According to the results, we can 
speculate that the increase of LOX pathway on 
day 15 (8 days after the boost immunization) 
was involved in the incidence of arthritis. As for 
PGE2 and TXB2 in COX pathway, the rise of 
metabolites was not distinctive in symptomatic 
rats; in other words, it suggests that PGE2 and 
TXB2 had no contribution to the incidence of 
arthritis. The higher level of PGE2 and TXB2 in 
asymptomatic rats was probably due to less 
metabolic flux compared with symptomatic rats 
of the model group (Figure 3Ec).

On day 25, as shown in Figure 3D, PGE2 and 
TXB2 in COX pathway emerged to contribute to 
an obvious third peak (P value = 0.001, LSD 
post hoc test; P value = 0.009, non-parametric 
test) and showed a significant difference be- 
tween symptomatic and asymptomatic rats in 
the model group as well. Compared with symp-
tomatic rats, the maximal values of PGE2 and 
TXB2 in asymptomatic rats were much lower (P 
value = 0.009, LSD post hoc test; P value = 
0.05, non-parametric test). PGD2 as another 
metabolite of COX pathway also had a decline 
trend in asymptomatic rats compared with 
symptomatic rats in the model group, indicat- 
ing that PGE2 and TXB2 were the main inflam-
matory mediators in later stage of arthritis. 
However, metabolites’ level of LOX pathway in 
the model group had no difference compared 
with the control group, suggesting that the LOX 
pathway was not active in the later stage of 
arthritis. 

HOEC interfered changes of arachidonic acid 
metabolic flux in CIA rats

Compared with the model group, the profile of 
arachidonic acid metabolites in HOEC treat-

ment groups was evidently altered. HOEC mark-
edly decreased the output of products of LOX 
metabolic pathway, meanwhile the output of 
products of COX metabolites was significantly 
increased when different doses of HOEC were 
used, especially high dose HOEC (10 mg/kg). 

To be specific, in LOX pathway, LTB4 was not 
obviously inhibited by any dose of HOEC. The 
dose-dependent inhibition was observed at the 
second peak of LTC4 and 15-HETE. Moreover, 
the low (1 mg/kg) and high (10 mg/kg) doses 
of HOEC could decrease the first peak of 
15-HETE, and the middle (3 mg/kg) and high 
doses of HOEC could decrease the second 
peak of 15-HETE. Interestingly, the middle and 
high doses of HOEC emerged a third peak on 
day 25 of 15-HETE while the low dose of HOEC 
rose a little on day 29 (Figure 4A). 

In COX metabolic pathway, the changes of 
PGE2 and TXB2 were kept in step with each 
other (Figures 4A, 5). The first and second 
peaks of PGE2 and TXB2 were enhanced in 
HOEC treatment groups but the time point on 
which the peak appeared was delayed or 
advanced. Compared with the model group and 
other two doses of HOEC treatment groups, the 
first peaks of PGE2 and TXB2 shifted forward in 
10 mg/kg HOEC treated rats while the second 
peaks delayed. Most noticeably, the third peaks 
(on day 25) of PGE2 and TXB2 were completely 
inhibited by low-dose HOEC while after treated 
with the middle and high doses of HOEC, the 
third peaks of PGE2 and TXB2 were delayed 
even though they were also inhibited. Quan- 
titative results have indicated that the levels of 
PGE2 and TXB2 were negatively related to the 
dose of HOEC (Figure 4A, 4C). 

We found, from the above mentioned results, 
that the second and third peaks of AA metabo-
lites made more contribution to the arthritis 
than the first peaks. So we compared the sec-
ond and the third peaks’ values of every treat-
ment group, trying to find the effect of HOEC in 
different doses. As a LOX inhibitor, HOEC could 
dose-dependently inhibit the second peaks of 
LTC4 (P value = 0.003, 0, 0, non-parametric 

comparison diagram of symptomatic and asymptomatic rats in model group at the third peak. Grey circle represents 
the other metabolites and green square represents the other metabolic enzymes. Blue rectangle represents the 
decrease of flux, red rectangle represents the increase of flux, and orange rectangle represents no change on flux, 
all asymptomatic rats versus symptomatic rats. Data shown are mean ± SEM. #P < 0.05, ##P < 0.01, ###P < 0.001 
for model (symptomatic rats) versus control; *P < 0.05, **P < 0.01, ***P < 0.001 for symptomatic rats versus 
asymptomatic rats. (LSD post hoc test, non-parametric test for TXB2 at the 3rd peak).
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test) and 15-HETE (P value = 0.05, 0.05, non-
parametric test) while LTB4 was little affected, 
and high dose of HOEC increased the level of 
LTB4 (P value = 0.05, non-parametric test) 
(Figure 4B), implying that HOEC dominantly 
inhibits LTC4 and 15-HETE rather than LTB4 in 
vivo. Meanwhile, compared with model rats, 
PGE2 and TXB2 had a rising tendency in HOEC 
treatment groups, which is similar to the profile 
of metabolic flux in asymptomatic vs. symptom-
atic rats of the model group (Figure 4B, 4Da).

As shown in Figure 4C, HOEC could significantly 
decrease the levels of PGE2 and TXB2 (P value 
= 0.034, 0.029, non-parametric test), but inter-
estingly with a reversible dose-dependence 
and the same trend as PGD2 without signifi-
cance. With respect to LOX pathway, LTB4 and 
LTC4 in the model and HOEC treatment groups 
had no much difference with those in the nor-
mal control group. However, 15-HETE’s level 
had an elevation in the HOEC treatment group 
on day 25 (in both middle and high doses) and 
day 29 (in low dose), respectively. Though 
15-HETE was inhibited at the second peak, the 
increase of 15-HETE was probably due to the 
metabolic flux decline in COX pathway (Figure 
4Db). The third peaks of PGE2 and TXB2 had a 

higher correlation with the severity of arthritis 
because the ratio of rats receiving different 
treatments and exhibiting the third peaks of 
PGE2 and TXB2 had a similar trend with the 
severity of arthritis (Figure 4E). 

Correlation of metabolites of arachidonic acid 
network in CIA

Since the metabolites in AA network are all 
derived from AA, the quantitative changes of 
them have some correlation. As shown in Figure 
5, in LOX pathway, LTB4 and 15-HETE had a 
strong correlation (P value = 0, r = 0.828), and 
in COX pathway, PGE2 and TXB2 had a strong 
correlation (P value = 0, r = 0.95). Interestingly, 
PGD2, LTB4, and 15-HETE had a stronger cor-
relation (P value = 0, 0, r = 0.796, 0.779) than 
PGE2 and TXB2 (P value = 0, 0, r = 0.610, 
0.584) while LTC4 had a weak correlation with 
other eicosanoids we measured.

Discussion

Inflammation is a complex progress where 
organisms adaptively respond to the trigger of 
noxious stimuli and conditions. Eicosanoids, as 
arachidonic acid metabolites, are one kind of 

Figure 4. Dynamic changes of arachidonic acid metabolites in model and HOEC treatment group. A. The Concentra-
tion-time curve of AA metabolites in model and HOEC treatment group rats (symptomatic). Plasmas were collected 
from rats at different time points (model n = 3, HOEC 1 mg/kg n = 4, HOEC 3 mg/kg n = 4, HOEC 10 mg/g n = 3) 
and the samples were assessed by ELISA. B. Comparison of the second peak values of AA metabolites in rats of 
model group (symptomatic rats) and HOEC treatment group. (model n = 3, HOEC 1 mg/kg n = 4, HOEC 3 mg/kg n 
= 4, HOEC 10 mg/g n = 3). C. Comparison of the third peak values of AA metabolites in rats of model group (symp-
tomatic rats) and HOEC treatment group. (model n = 3, HOEC 1 mg/kg n = 4, HOEC 3 mg/kg n = 4, HOEC 10 mg/g 
n = 3). D. (a) Metabolic flux changes diagram of HOEC treatment group at the second peak versus model group. (b) 
Metabolic flux changes diagram of HOEC treatment group at the third peak versus model group. Grey circle repre-
sents the other metabolites and green square represents the other metabolic enzymes. Blue rectangle represents 
the decrease of flux, red rectangle represents the increase of flux, and orange rectangle represents no change on 
flux, all HOEC treatment group versus model group. E. Correlation of severity of arthritis and the third peak of PGE2 
and TXB2. Data shown are mean ± SEM. #P < 0.05, ##P < 0.01, ###P < 0.001 for model versus control; *P < 0.05, 
**P < 0.01, ***P < 0.001 for HOEC treatment group versus model. (non-parametric test).

Figure 5. Correlation of eicosanoids in the CIA progress. The scatter diagram of two metabolites at every time point 
(mean) can reflect the correlation between each other intuitively. LTB4 and 15-HETE, PGE2 and TXB2, LTB4 and 
PGD2 all have strong correlation with each other. (n = 55). 



Arachidonic acid metabolic flux regulation in CIA rats

2551 Am J Transl Res 2018;10(8):2542-2554

lipid mediators of inflammation [26]. Few stud-
ies have reported the eicosanoids dynamics 
during the development of arthritis. In this 
study, six eicosanoids including LTB4, LTC4, 
15-HETE, PGE2, TXB2, and PGD2, which are 
the major metabolites of arachidonic acid cata-
lyzed by 5-LOX, 15-LOX and COX-2, were mea-
sured dynamically during the arthritis process. 
From the in vivo data, we found that some rats 
were asymptomatic in different experiments. 
Thus, we first explored the difference of eico-
sanoids profile between asymptomatic and 
symptomatic rats. The peaks of eicosanoids 
were observed 7 days after the primary immu-
nization (on day 7) and 8 days after the booster 
immunization (on day 15) (Figure 3A). Since 
these two peaks emerged subsequently follow-
ing two immunization processes, we speculate 
that all these alterations of eicosanoids are 
related to the stimuli of immunization. In other 
words, the first peak was induced by the prima-
ry collagen injection and the second peaks 
were induced by the booster. A similar profile of 
other pro-inflammatory factors during the colla-
gen-induced arthritis was reported by Griswold 
et al. They found that serum amyloid P compo-
nent (SAP), the major acute-phase protein in 
CIA, reached to the peaks on day 7 and day 35 
after the initial collagen injection (7 days after 
booster immunization) [27]. Nuria Maicas et al. 
also reported a similar profile of PGD2 which 
played an anti-inflammatory effect in murine 
collagen-induced arthritis [28]. In this study, 
PGD2 increased first and then decreased to  
the homeostasis both in paw homogenates  
and serum. Taken together, similar profiles of 
pro-inflammatory and anti-inflammatory fac- 
tors might be universal in the pathogenesis of 
inflammation-related diseases.

Since there was no significant difference in the 
values of first peak between symptomatic and 
asymptomatic rats, the first peak seems to be a 
general reaction to the stimuli of collagen 
(Figure 3B). However, the profiles of second 
peaks of eicosanoids were significantly differ-
ent, in which LTB4, LTC4 and 15-HETE, the 
metabolites of 5-LOX and 15-LOX pathways, 
were much higher in symptomatic rats than 
that in asymptomatic rats, and in COX-2 path-
way, PGE2 and TXB2 had an opposite trend 
compared with metabolites in LOX pathway 
(Figure 3C, 3Ec) which was probably due to a 
flux distribution of arachidonic acid metabo-

lism. We speculate that the second peaks of 
eicosanoids might be more important in the 
pathogenesis of RA. It also suggests that the 
rise of LTB4, LTC4 and 15-HETE was closely 
related to the incidence of arthritis. It was 
reported that LTB4 receptors, i.e. BLT1 and 
BLT2, played a critical role in the incidence of 
mice arthritis model. The loss of BLT1 alone 
could completely prevent the onset of the col-
lagen induced arthritis [29]. In another study, 
the BLT2-/- mice showed reduced incidence and 
severity of K/BxN arthritis [30]. These studies 
support the pivotal role of 5-LOX-LTB4-BLT1/
BLT2 axis in the onset of RA, which coincides 
with our study.

In the late stage of arthritis (from day 24 to day 
33), the levels of LTB4, LTC4 and 15-HETE 
decreased gradually to the normal. Meanwhile, 
metabolites of COX pathway got a third peak on 
day 25 (Figure 3A). Chan & Moore reported 
that COX-2 mRNA level had three peaks during 
the process of CIA, which was at the induction, 
inflammation, and resolution phases of CIA, 
respectively [31]. This finding is consistent with 
our data and provides evidence to support 
three peaks of PGE2, TXB2 and PGD2 in our 
study. Since TXA2 exerts its effects within a 
short course of biosynthesis where it is rapidly 
and non-enzymatically hydrolyzed to form TXB2 
which has no bioactivity and usually used to 
reflect the quantity of TXA2. TXA2 has been 
reported playing an important role in pathogen-
esis, in particular in synovial cell proliferation, 
of RA patients [32]. PGE2 is the most potent 
pro-inflammatory lipid mediator in COX pathway 
associated with RA considering that the elevat-
ed concentration of PGE2 is observed in the 
synovial fluid of RA patients [33] and the inflam-
mation pain is mediated by PGE2 [34]. The inhi-
bition of mPGES-1 has been a cure strategy for 
RA and is even better than the inhibition of 
COX-2 due to its safety and less side effect 
[35]. However, recent study has revealed the 
anti-inflammation of PGE2 [31, 36]. In this 
study, values of the third peak of PGE2 and 
TXB2 in symptomatic rats were significantly 
higher than those in asymptomatic rats in the 
model group, suggesting the pro-inflammatory 
role of PGE2 and TXB2 at the third peak (Figure 
3D).

HOEC is a caffeate that can be easily metabo-
lized into caffeic acid in vivo (Supplementary 
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Materials). Caffeic acid is a commonly used 
5-LOX inhibitor for positive control [37-40] and 
is also used as a high effect inhibitor of 15-LOX 
[41]. Since the second peak of eicosanoids had 
a correlation with the arthritis onset, we com-
pared the second peak values of HOEC treat-
ments in 3 different doses with those of the 
model and normal control groups. At the sec-
ond peak of metabolites, AA metabolic flux was 
decreased in LOX pathway (LTC4 and 15-HETE) 
and increased in COX pathway after HOEC 
treatment (Figure 4Da). To be specific, HOEC 
inhibited the generation of LTC4 and 15-HETE 
dose-dependently but had little inhibition on 
LTB4. High-dose HOEC even increased LTB4 
slightly, which was probably due to the flux com-
pensation of LOX pathway. LTC4, a pro-inflam-
matory mediator with potent bronchoconstric-
tor, was previously reported playing a impor- 
tant role in the pathophysiology of asthma but 
participating less in ongoing RA [42]. As for 
15-HETE, there were few studies about 15- 
HETE in RA and its role in inflammation was not 
clearly defined. As one of the PPARγ ligands, 
15-HETE was reported to have an anti-inflam-
matory effect [43]. So the over-expression of 
15-LOX may have blocked the anti-inflamma-
tion effect of 15-HETE, leading to a poor cura-
tive effect on arthritis. In addition, 5-LOX and 
15-LOX catalyzed the endogenous anti-inflam-
matory and pro-resolving mediator, lipoxins 
(LXs) [44], and the over-inhibition of these two 
enzymes may have induced a contrary anti-
inflammatory effect. 

As for the effect of HOEC on COX pathway, the 
influence was significant at the later stage of 
arthritis. As shown in our study, PGE2 and TXB2 
were significantly inhibited by HOEC at the dose 
of 1 mg/kg and rose with the increase of dos-
age at the third peak, whose trend was the 
same as the clinical scores of arthritis (Figure 
4E). The reduced AA metabolic flux in COX path-
way flowed to the production of 15-HETE to 
some extent (Figure 4Db), since 15-HETE at the 
third peak of COX pathway was markedly ele-
vated after HOEC treatment (Figure 4C). AA 
metabolism network is a system where eico-
sanoids are metabolized. We venture a guess 
that when one way is inhibited (shut down), the 
other (or another) metabolism pathway(s) of 
arachidonic acid will be turned on. Similar 
experimental phenomena were reported that in 
5LO(-/-) mice’s peritoneal macrophages, PGE2 
level was increased by the Ca2+ ionophore-

induction compared with the 5LO(+/+) mice 
[45]. Lai et al. reported that when only the 
5-LOX inhibitor was used, the flux of the COX-2 
pathway was increased significantly using ordi-
nary differential equations [2]. As for the influ-
ence of COX pathway’s change on LOX pathway, 
closure of COX path by NSAIDs results in open-
ing of arachidonic acid oxidation in 5-LOX path-
way and increased CysLTs signaling [46].

In addition, since the alterations of PGE2 and 
TXB2 kept in step with each other, the correla-
tion was analyzed by SPSS 16.0. There is a 
strong relativity between PGE2 and TXB2 
(Figure 5), suggesting that the generation of 
PGE2 and TXB2 is synchronous due to the 
same pathway of COX. As another metabolite of 
AA in COX pathway, the profile of PGD2, rather 
than PGE2 and TXB2, was similar to LTB4 and 
15-HETE (Figure 5), which was possibly due to 
the flux compensation of COX pathway.

In conclusion, we report dynamic changes of 
multiple eicosanoids in the process of CIA in 
which AA metabolic network in RA animal 
model and HOEC therapeutics were studied.  
All eicosanoids increase simultaneously, due  
to the elevation of released arachidonic acid 
caused by immune reaction. HOEC can inhibit 
5-LOX and 15-LOX in vivo and induce the eleva-
tion of COX pathway owing to the shift of flux 
distribution of arachidonic acid, especially in 
high dosage. It will be dangerous to inhibit a 
single target without considering the complete 
network. This study provides evidence for cor-
rectly choosing the dose of anti-inflammatory 
medicine and helps to propose novel strategi- 
es for treatment of infection and inflammation.
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Supplementary materials

Materials and methods

Pharmacokinetics of HOEC in rats after oral and intravenous administration

Ten-week-old male rats, weighing 260±20 g, were purchased from Slac Laboratory Animal (Shanghai, 
China). The rats were housed in a temperature (22±1°C) - and humidity (55%) - controlled room with a 
12-hour light/dark cycle. Water and food were provided ad libitum. The experimental procedures 
involved in this study conformed to animal ethics and the guidelines of Care and Use of Laboratory 
Animals of China for animal experimentation. 

Rats were divided into two treatment groups: IV (1 mg/kg) and PO (10 mg/kg), 3 rats per group. Before 
the experiment, rats fasted for 12 hours but could have water. Blood (0.2 mL) was drawn via jugular 
catheter from each rat at the following time points: 0, 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, and 
24 h, and anticoagulant heparin sodium was added. Blood samples were centrifuged at 1000 × g, 4°C 
for 15 min to prepare plasma for detection. 50 μL plasma sample was pipetted to the centrifuge tube 
and 250 μL internal standard (200 ng/mL tolbutami methanol solution) was added. The mixture was 
then mixed thoroughly and centrifuged at 14000 rpm for 5 min. Calibration standard (STD) sample 
(1000, 750, 500, 100, 50, 10, 5 ng/mL) and quality control (QC) sample (800, 200, 8 ng/mL) of HOEC 
and caffeic acid were prepared.

A Shimadzu HPLC system (UFLC) (Shimadzu, Columbia, MD, USA), consisting of a LC-20AD pump, a DGU-
20A3 degasser, a SIL-20A autosampler, a CBM-20Atemperature control chamber and a CTO-20A col-
umn oven, were used for all chromatography. An Applied Biosystems 4000 QTRAP hybrid linear ion 
trap-triple quadrupole instrument (Applied Biosystems, Inc., US) was connected. Chromatographic sep-
arations were acquired on a Waters XTerra MS C18 5 μ (50 mm × 2.10 mm) eluted with 15-85% gradi-
ent solvent B (0.1% formic acid in ACN) insolvent A (aqueous 0.1% formic acid) at a flow rate of 1 mL/
min for 0.9-1.8 min.

Results

Pharmacokinetic data

Since HOEC is very unstable in vivo, we only detected the main metabolite of HOEC, i.e. caffeic acid. The 
pharmacokinetic parameters (mean ± SD) of caffeic acid, a metabolite of 1 mg/kg HOEC given intrave-
nously in rats as follows, Tmax = 0.139±0.096 hr, Cmax = 70.83±43.51 ng/mL, t1/2 = 0.13 hr, AUC(0-t) = 
13.59±6.89 ng/mL*hr, AUC(0-∞) = 19.04 ng/mL*hr. The pharmacokinetic parameters (mean ± SD) of the 
metabolites of caffeic acid, a metabolite of 10 mg/kg HOEC given orally in rats as follows, Tmax = 
0.194±0.096 hr, Cmax = 360.27±175.01 ng/mL, t1/2 = 0.32~0.54 hr, AUC(0-t) = 213.81±34.21 ng/mL*hr, 
AUC(0-∞) = 233.30±27.98 ng/mL*hr. The pharmacokinetic data of caffeic acid is shown in following 
tables.
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Table 2. Plasma concentrations of caffeic acid after oral 
and intravenous administration of HOEC

Time (hr)
IV-1 mg/kg

Plasma Concentration (ng/mL)
101 102 103 Mean SD

Pre-dose BLQ BLQ BLQ NA NA
    0.083 8.89 100.50 91.11 66.83 50.40
    0.25 20.88 28.86 10.05 19.93 9.44
    0.5 6.74 11.52 7.55 8.60 2.56
    1 BLQ BLQ BLQ NA NA
    2 BLQ BLQ BLQ NA NA
    4 BLQ BLQ BLQ NA NA
    6 BLQ BLQ BLQ NA NA
    8 BLQ BLQ BLQ NA NA
    24 BLQ BLQ BLQ NA NA

Time (hr)
PO-10 mg/kg

Plasma Concentration (ng/mL)
201 202 203 Mean SD

Pre-dose BLQ BLQ BLQ NA NA
    0.083 533.22 308.13 125.31 322.22 204.32
    0.25 292.22 364.32 183.28 279.94 91.14
    0.5 166.94 210.26 163.01 180.07 26.22
    1 68.87 70.97 75.37 71.74 3.32
    2 BLQ 8.44 23.44 15.94 NA
    4 BLQ BLQ BLQ NA NA

Table 1. Calibration standard sample and quality control sample
Caffeic Acid

Sample 
Name

Analyte Concentration 
(ng/mL)

Analyte Peak 
Area (counts) Area Ratio IS Peak Area 

(counts)
Calculated  

Concentration (ng/mL)
Accuracy 

(%)
Blank 0 0.00E+00 -7.00E+00 0.00E+00 NA NA
Blank+IS 0 0.00E+00 0.00E+00 1.35E+06 NA NA
STD-1 5 5.72E+03 4.29E-03 1.33E+06 4.94352 98.8704
STD-2 10 8.22E+03 6.19E-03 1.33E+06 10.1262 101.262
STD-3 50 3.44E+04 2.59E-02 1.33E+06 63.8868 127.774
STD-4 100 5.59E+04 4.33E-02 1.29E+06 111.442 111.442
STD-5 500 2.40E+05 1.83E-01 1.31E+06 493.889 98.7778
STD-6 750 3.23E+05 2.61E-01 1.24E+06 706.722 94.2295
STD-7 1000 4.57E+05 3.52E-01 1.30E+06 954.184 95.4184
QCL 8 7.44E+03 5.50E-03 1.35E+06 8.25185 103.148
QCM 200 1.05E+05 7.90E-02 1.33E+06 209.095 104.547
QCH 800 3.64E+05 2.68E-01 1.36E+06 725.847 90.7309
QCL 8 6.19E+03 5.11E-03 1.21E+06 7.19061 89.8827
QCM 200 1.00E+05 8.16E-02 1.23E+06 216.318 108.159
QCH 800 3.50E+05 2.83E-01 1.24E+06 765.382 95.6728
QCL 8 7.05E+03 5.47E-03 1.29E+06 8.17799 102.225
QCM 200 9.90E+04 7.77E-02 1.27E+06 205.63 102.815
QCH 800 3.51E+05 2.64E-01 1.33E+06 715.572 89.4465
NA: None.
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Table 3. PK parameters for caffeic acid after oral and intra-
venous administration of HOEC

Rat No.
t1/2 Tmax Cmax AUC(0-t) AUC(0-∞) MRT(0-∞)

hr hr ng/mL ng/mL*hr ng/mL*hr hr
IV-1 mg/kg
    1 NA 0.25 20.88 6.31 NA NA
    2 0.14 0.08 100.50 20.02 22.29 0.22
    3 0.12 0.08 91.11 14.43 15.78 0.18
    Mean 0.13 0.14 70.83 13.59 19.04 0.20
    S.D. NA 0.10 43.51 6.89 NA NA
PO-10 mg/kg
    4 0.36 0.08 533.22 207.40 243.56 0.51
    5 0.32 0.25 364.32 250.77 254.70 0.52
    6 0.54 0.25 183.28 183.25 201.64 0.86
    Mean 0.41 0.19 360.27 213.81 233.30 0.63
    SD 0.12 0.10 175.01 34.21 27.98 0.20

    6 BLQ BLQ BLQ NA NA
    8 BLQ BLQ BLQ NA NA
    24 BLQ BLQ BLQ NA NA
NA: None. BLQ: Below the lowest quantifiable measure.


