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ABSTRACT

Background: Tree peony (Paeonia ostii) seed oil is rich in different unsaturated fatty acids,
including monounsaturated fatty acids (MUFA), n-3, and n-6 polyunsaturated fatty acids (PUFA).
Overall, health benefits of this edible plant oil have not been widely explored. In this study, we
experimentally investigated benefits of dietary tree peony seed oil (PSO) in
dyslipidemia-associated metabolic diseases using a high fat diet hamster model.

Methods: High fat diets (HFD) containing 15 % coconut oil (CO) or PSO were initially
developed based on the rodent chow diet. Fatty acid profiles of diets and red blood cells (RBC)
from animals fed these diets for 8 weeks were analyzed and compared. Effects of these oil
supplements on triglycerides and cholesterol levels were characterized. Benefits on fatty liver
progress were also investigated in this animal model.

Results: HFD fortified with 15% PSO was abundant in different unsaturated fatty acids,
containing 40% a-linolenic acid, 27% linoleic acid, and 23% oleic acid respectively. Compared
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to the control group with 15% CO, animals with 15% PSO displayed dramatic alteration of in
vivo fatty acid profile in RBC, featuring a significant increase in n-3 but no change in n-6 PUFA,
thereby resulting in a decreased ratio of n-6 to n-3 PUFA. PSO intervention also remarkably
reduced triglyceride levels in both blood and adipose tissues, but did not affect circulating
cholesterol. Moreover, benefits on liver health were observed in the PSO group, evidenced with
reduced hepatic steatosis and improved hepatic histology.

Conclusion: Altogether, the data demonstrated multifaceted benefits of dietary PSO in reducing
important risk factors of dyslipidemia-associated cardiovascular and liver diseases.
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BACKGROUND:

With a cultivation history over 2000 years in many regions, the Chinese tree peony belongs to
the genus Paeonia. Currently, there are over 1000 tree peony cultivars in China alone [1].
Besides its outstanding ornamental value, peony has also been long used in Chinese medicine.
Significantly, in recent years there has been an increasing interest in peony seeds, which is
estimated to have an annual yield of 57,855 tons [2]. To date, many kinds of bioactive
ingredients, including unsaturated fatty acids, tocopherols, and phenolic and monoterpene
glycosides have been found to be rich in the dark oval seeds of peony [3]. Especially prominent
is the uncommonly high level of unsaturated fatty acids (> 90%) in the seed [2, 4]. Usually
containing about 25% monounsaturated fatty acids (MUFA), the seed has nearly 65% essential
polyunsaturated fatty acids (PUFA), comprising approximately 40% o-linolenic acid and 25%
and linoleic acid respectively [2, 4, 5]. The level of a-linolenic acid in most edible oils is less
than 3% [6]. Such high levels of n-3 PUFA in peony seed oil (PSO) are generally uncommon. As
an essential fatty acid, a-linolenic acid cannot be synthesized by the human body and has to be
obtained from diets. Ascribed to the property of unusually high levels of a-linolenic acid, in
recent years PSO has attracted extensive research interest in an effort to develop a new source of
a-linolenic acid-rich edible oil and to meet the ever increasing demand in the food industry,
especially in China.

Nowadays, the increasing prevalence of obesity-associated metabolic diseases is one of the
global major health threats. As a classical feature, dyslipidemia is closely linked to increased
risks of non-alcoholic liver disease (NAFLD), cardiovascular diseases (CVD), type 2 diabetes,
and more. Some dietary factors, including the excess intake of saturated fats, play adverse roles
in the occurrence of dyslipidemia. Abundant evidence has suggested a strong correlation between
the overconsumption of saturated fats and dyslipidemia, manifested with increased blood
low-density lipoprotein (LDL), triglyceride and free fatty acids, decreased high-density
lipoprotein (HDL), and more [7]. Similarly, the excess intake of saturated fats can lead to fat
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accumulation within liver and exacerbates progression of NAFLD [8, 9]. Although the
pathogenic mechanisms involved in hepatic lipid accumulation are not fully understood, liver
steatosis may result from impaired balance between lipid availability and clearance in the liver.
Classical western diets are characterized with high ratio of n-6 to n-3 PUFA, ranging from 15:1
to 20:1, which is suggested to involve in pathogenesis of some metabolic diseases, cancer, and
inflammatory diseases [10-12]. According to the United Nations Food and Agriculture
Organization and the World Health Organization, the recommended ratio of n-6 to n-3 PUFA is
less than 5 [13]. Previous evidence indicated that unsaturated fats, especially n-3 polyunsaturated
fats, may help ameliorate dyslipidemia and could have protective effects against medical
conditions like NAFLD and CVD [14, 15]. Replacement of saturated fat with polyunsaturated fat
has been shown to decrease total cholesterol and LDL-cholesterol by lowering production rates
and increasing clearance rates of LDL-cholesterol. In patients with NAFLD, PUFA levels are
significantly lower while also having a less favorable higher ratio of n-6 to n-3 PUFA [16].
Therefore, a lower ratio of n-6 to n-3 PUFA is more desirable in reducing risks of these diseases
[16-18]. The ratio of n-6 to n-3 PUFA in PSO can be as low as around 0.6, which is much lower
than the values of other important edible oils [2].

Although rich in different unsaturated fatty acids, PSO as a whole has not been evaluated in
terms of reducing risk factors of different metabolic diseases. Focusing on
dyslipidemia-associated CVD and NAFLD, in this study we experimentally investigated health
benefits of PSO supplement in an adult hamster model, which was fed high fat diets (HFD)
comprising 15% fat and 0.1% cholesterol for 8 weeks. Hamsters have long been used as an
animal model to assess HFD-induced cardiovascular diseases [19]. Compared to other rodents,
this animal species has a low rate of endogenous cholesterol synthesis, cholesteryl ester transfer
protein activity and apo B protein secretion from liver and intestine [20, 21]. Furthermore, like
humans, hamsters take up about 80% of LDL via LDL receptor pathway [22]. Therefore,
hamsters fed high cholesterol and saturated fat diets respond more similarly to humans in
lipoprotein metabolism than other rodents.

METHODS:

PSO preparation. Tree peony (Paeonia ostii) seeds were collected from Bozhou, Anhui
Province, China. Briefly, the raw oil was first extracted by mechanic pressing (High pressure oil
pressing machine Type W, KEST-ENG Co., Ltd.) under conditions of 60 Mpa for 30 minutes.
Then, the raw oil was subjected to standard refining processes, including degumming (0.3%
phosphoric acid, food grade), deacidification (85 °C for 15 minutes), bleaching (105 °C for 25
minutes), and deodorization (240 °C for 90 minutes). No antioxidants were applied through the
whole process of oil preparation.

Animals and diet information. All experimental protocols were approved by Abbott Animal
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Welfare Committee and HD Biosciences Institutional Animal Care and Use Committee. 8 weeks

old male Golden-Syrian hamsters (Beijing Vital River Laboratories Co., Ltd.) were group housed,
fed respective diets, and provided with water ad libitum. Animals were maintained on a 12h/12h

light/dark cycle in an AAALAC accredited animal facility with controlled temperature (22 £ 3 °C)
and humidity (55 + 15%).

Three groups of animals (n=10 each group) were included in this study and subjected to
three different dietary interventions for 8 weeks. These diets were named as CHOW, HFD-CO,
and HFD-PSO, containing 5% soybean oil, 15% coconut oil (CO) and 15% PSO respectively.
Detailed compositions of these diets were listed in Table 1.

Fatty acid profile analysis. Analysis of fatty acid profiles of diets and red blood cells (RBC)
were described previously [23]. Briefly, lipids of RBC were extracted using isopropanol and
hexane. Then, a portion of the extract was subjected to base-catalyzed transesterification, which
converted the phospholipid acyl chains to fatty acid methyl esters. Individual fatty acids were
separated by gas-liquid chromatography and then quantified using a standard curve from
commercially purchased standards (GLC746, Nu-Chek Prep., Inc.).

Table 1. Diet Compositions

Ingredients CHOW (5% HFD-CO (15% HFD-PSO (15%
soybean oil) (g) coconut oil) (g) peony seed oil) (g)

Casein 200 200 200

L-cystein 3 3 3

Corn starch 442.49 249 249

Maltodextrin 10 132 132 132

Sucrose 100 100 100

Cellulose BW200 50 50 50

Oils 50 136 136

tert-butylhydroquinone  0.014 0.04 0.04

Mineral mix S10022G 35 35 35

Vitamin mix V10037 10 10 10

Choline Bitartrate 2.5 2.5 2.5

Cholesterol 0 0.92 0.92

Total 1025 918.46 918.46

Analysis of triglyceride and cholesterol. Hamsters were fasted overnight. Blood was
withdrawn from hamsters after 8 weeks of dietary treatments and serum was prepared
accordingly. Lipid extract were prepared using epididymal adipose sample as well. Lipid panels
(total triglyceride, total cholesterol, HDL-Cholesterol, LDL-Cholesterol) were then analyzed
using the Hitachi 7080 automatic biochemical analyzer (Japan Hitachi Trade Co., Ltd.).
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Liver histological analysis. All animals were sacrificed by CO; inhalation and liver tissues were
collected at the end of experiment. Liver tissue from the left lobe was removed and divided into
2 parts. Each part was used for hematoxylin and eosin (H&E) analysis and oil red staining
respectively. Liver tissues were evaluated and scored for hepatic steatosis according to the
following criteria: grade 0, no fat; grade 1, steatosis occupying less than 33% of the hepatic
parenchyma; grade 2, 34-66% of the hepatic parenchyma; grade 3, more than 66% of the hepatic
parenchyma [24].

Statistical analysis. Results were expressed as mean + standard error of the mean (SEM).
Statistical analysis was performed using GraphPad Prism 6 with one way analysis of variance
(ANOVA) followed by Turkey multiple comparison test. The difference was considered

statistically significant when p value is less than 0.05.

RESULTS:

Fatty acid profiles. In this study, two diets nhamed HFD-CO and HFD-PSO, were initially
developed by fortifying the chow with 15% CO and PSO respectively. Additionally, these HFD
were also fortified with 0.1% cholesterol. Detailed diet compositions were listed in Table 1. All
diets were then subjected to fatty acid profile analysis and results were showed in Table 2. As
expected, HFD-CO showed a classical lipid profile rich in saturated fatty acids, exceeding more
than 90% of total fats. In contrast, both CHOW and HFD-PSO had much lower levels of
saturated fatty acids, accounting for 17% and 9% respectively. Replacing CO with PSO in HFD
resulted in a fatty acid profile similar to the raw PSO, containing 23% oleic acid (C18:1n-9), 27%
linoleic acid (C18:2n-6), and 40% a-linolenic acid (C18:3n-3) respectively (Table 2).

After 8 weeks of dietary intervention, the in vivo fatty acid profiles of RBC were analyzed
and the result was summarized in Table 3. RBC from the HFD-PSO group showed the highest
level of n-3 PUFA, containing 2.21% of a-linolenic acid, which were 44 folds of that from
HFD-CO. However, in contrast to the evident increase in n-3 PUFA, the n-6 PUFA level in the
HFD-PSO group was similar to that of HFD-CO, even though its linoleic acid level increased by
40%. Moreover, the MUFA level in RBC of HFD-PSO was slightly lower than HFD-CO,
although the diet contained much higher levels of oleic acid. These data suggested that even
though the diets were rich in different classes of unsaturated fatty acids, PSO was most effective
in enriching n-3 PUFA in vivo, particularly a-linolenic acid, which had little to no effect on
changing total n-6 PUFA level and MUFA. Accordingly, the group of HFD-PSO showed the
lowest ratio of n-6 to n-3 PUFA in vivo, only accounting for about 44% of HFD-CO and CHOW.
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Table 2. Fatty Acid Profiles of Diets

Fatty acids CHOW (%) HFD-CO (%) HFD-PSO (%)
C8:0 0.07 7.01 0.02
C10:0 0.12 5.92 0.05
C12:0 0.28 44.46 0.07
C14:0 0.52 16.34 0.20
C15:0 0.07 0.04 0.05
C16:0 11.73 8.72 6.53
C16:1n-7 0.12 0.02 0.11
C17:0 0.12 0.02 0.10
C18:0 4.24 9.01 2.10
C18:1n-9 23.23 2.46 23.15
C18:2n-6 51.84 3.73 26.79
C18:3n-3 6.68 0.47 40.31
C20:0 0.33 0.13 0.17
C20:1 n-9 0.17 UD 0.29
C22:0 0.33 0.04 0.05
C22:5n-3 uD UD UD
C24:0 uD UD UD
C24:1 0.02 UD UD

C8:0: aprylic acid; C10:0: capric acid; C12:0: lauric acid; C14:0: myristic acid; C15:0: pentadecylic acid; C16:0:
palmitic acid; C16:1n-7: palmitoleic acid; C17:0: margaric acid; C18:0: stearic acid; C18:1n-9: oleic acid; C18:2n-6:
linoleic acid; C18:3n-3: a-linolenic acid; C20:0: arachidic acid; C20:1n-9: gondoic acid; C22:0: behenic acid;
C22:5n-3: docosapentaenoic acid; C24:0: lignoceric acid; C24:1: nervonic acid; UD: undetectable.

Table 3. Summary of Fatty Acid Profiles of Red Blood Cells

Fatty acids CHOW (%) HFD-CO (%)  HFD-PSO (%)
saturated 46.68 46.17 45.88
unsaturated 53.29 53.86 54.13
monounsaturated 15.81 18.09 14.89
polyunsaturated 37.48 35.78 39.25
n-3 PUFA 4.47 4.22 9.18
C18:3n-3 ub 0.05 2.21
C20:5n-3 ub ub uD
C22:5n-3 0.99 0.71 3.43
C22:6n-3 3.48 3.46 3.54
n-6 PUFA 33.01 31.56 30.07
C18:2n-6 13.31 11.86 16.69
C20:4n-6 14.81 14.61 10.97
C22:4n-6 2.97 2.55 1.22
Ratio of n-6 to n-3 7.38 7.48 3.28

C18:3n-3: a-linolenic acid; C20:5n-3: eicosapentaenoic acid; C22:5n-3: docosapentaenoic acid; C22:6n-3: docosahexaenoic acid;
C18:2n-6: linoleic acid; C20:4n-6: arachidonic acid; C22:4n-6: adrenic acid; UD: undetectable.
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Body weight gain. Relative to 5% fat in CHOW diet, both HFD-CO and HFD-PSO contained
much higher levels of fats (15%), resulting in higher energy density in high fat diets (4.4 kcal/g)
than the CHOW diet (3.9 kcal/g). Through the whole intervention process, food intake in the
three groups of animals was not different compared to each other (data not shown). As
demonstrated in Figure 1, HFD-CO and HFD-PSO had a larger body weight gain than CHOW,
due to relative higher energy intake from HFD. However, during the 8 weeks dietary intervention,
no difference in body weight gain was observed between HFD-CO and HFD-PSO (Figure 1).
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Figure 1. Animal Body Weight Gain. Three groups of adult hamsters (n=10 for each group)
were fed with diets of CHOW, HFD-CO and HFD-PSO for 8 weeks, respectively. CHOW: chow
diet; HFD-CO: chow diet fortified with 15% coconut oil and 0.1% cholesterol; HFD-PSO: chow
diet fortified with 15% peony seed oil and 0.1% cholesterol. Animal body weights were recorded
weekly and compared to each other.

Triglyceride and cholesterol levels. Triglyceride levels in both blood and adipose tissues were
then analyzed. Compared to CHOW, plasma, and epididymal adipose triglycerides in the
HFD-CO group were nearly doubled. When compared to HFD-CO, there was a remarkable
reduction in both plasma and epididymal adipose triglycerides observed in HFD-PSO (Figure 2
A and B), accounting for 60% and 35% respectively. In terms of circulating cholesterol,
incorporation of 0.1% cholesterol into HFD-CO and HFD-PSO diets strongly raised both
LDL-cholesterol and HDL-cholesterol in blood (Figure 2 C and D). However, no difference in
circulating LDL-cholesterol and HDL-cholesterol was observed between groups of HFD-CO and
HFD-PSO, thereby suggesting PSO supplement had no effect on circulating cholesterol levels.

Hepatic steatosis. HFD is one of the most common ways to induce NAFLD in animal models.
In this study, the liver tissue in the CHOW group demonstrated no signs of lipid accumulation
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with a normal structure of hepatic lobules (Figure 3 A). However, HFD-CO treatment resulted in
accumulation of abundant lipid droplets within the liver tissue. Moreover, it also caused
significant vacuolar degeneration of hepatocytes, disruption of normal hepatic lobules and
infiltration of inflammatory cells (Figure 3 A), and massive hepatic steatosis, which was
quantified in Figure 3 B. Compared to HFD-CO, HFD-PSO treatment significantly improved
liver histology, characterized with less lipid droplet accumulation, fewer destroyed structures of
liver lobule, and less hepatic steatosis (Figure 3 A and B).
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Figure 2. Effects of PSO Supplement on Triglycerides and Cholesterol Levels. Three groups of
adult hamsters (n=10 for each group) were fed with diets of CHOW, HFD-CO and HFD-PSO for
8 weeks, respectively. CHOW: chow diet; HFD-CO: chow diet fortified with 15% coconut oil
and 0.1% cholesterol; HFD-PSO: chow diet fortified with 15% peony seed oil and 0.1%
cholesterol. Plasma and epididymal adipose triglycerides levels were analyzed and showed in A
and B respectively. Plasma LDL-cholesterol and HDL-cholesterol were analyzed and showed in
C and D respectively. Statistical analysis was performed using one-way ANONA analysis
followed by Turkey multiple comparison test. *: p< 0.05, **: p<0.01, ***: p<0.001.
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Figure 3. Effects of PSO Supplement on None-alcoholic Fatty Liver Disease. Three groups of
adult hamsters (n=10 for each group) were fed with diets of CHOW, HFD-CO and HFD-PSO for
8 weeks, respectively. CHOW: chow diet; HFD-CO: chow diet fortified with 15% coconut oil
and 0.1% cholesterol; HFD-PSO: chow diet fortified with 15% peony seed oil and 0.1%
cholesterol. A. Histological images of liver tissue sections subjected to H&E and oil red staining
respectively. Representative lipid droplets and infiltrated inflammatory cells were marked with 1
and © respectively. B. Hepatic steatosis score for each group was quantified according to
following criteria: grade 0, no fat; grade 1, steatosis occupying less than 33% of the hepatic
parenchyma; grade 2, 34-66% of the hepatic parenchyma; grade 3, more than 66% of the hepatic
parenchyma. Statistical analysis was performed using one-way ANOVA analysis followed by
Turkey multiple comparison test. *: p< 0.05, **: p<0.01.

DISCUSSION:

In recent years, PSO has gained increasing popularity as a good resource in food and
nutraceutical industries. Compared to other common plant oils, including soybean, peanut, corn,
and sunflower, PSO contains very high levels of different unsaturated fatty acids, including
MUFA, n-6, and n-3 PUFA. A study based on 60 tree peony cultivars revealed that the main
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fatty acids in tree peony are palmitic acid, stearic acid, oleic acid, linoleic acid, and a-linolenic
acid, accounting for 4.9-7.1%, 0.9-2.1%, 14.2-31.6%, 19.1-41.1%, and 26.1-54.7% of fatty acids
respectively [2]. Such a high level of a-linolenic acid is uncommon in plant seed oils. In line
with previous findings, data from our dietary fatty acid profile analysis affirmed high levels of
a-linolenic acid, linoleic acid, and oleic acid in HFD-PSO, accounting for 40%, 27%, and 23%
respectively [2-4]. Intriguingly, our data also suggested that in response to high intake of
a-linolenic acid in HFD-PSO, n-3 PUFA levels, particularly a-linolenic acid, was strongly raised
in vivo in the hamster model, while n-6 PUFA was not changed much, resulting in a significant
decrease in the ratio of n-6 to n-3 PUFA (Table 3). Differential effects of PSO supplement on in
vivo n-3 and n-6 PFUA levels could be due to strong competition on key enzymes for elongation
and desaturation reactions between n-3 and n-6 PUFA metabolic pathways. Typical western diets
have high ratio of n-6 to n-3 PUFA, ranging between 15:1 and 20:1. Although still inconclusive,
high ratios of n-6 to n-3 PUFA are associated with increased risks of different CVD. It’s been
recommended by different health authorities to reduce dietary ratio of n-6 to n-3 for heart health
benefits [13]. Therefore, increased intake of PSO could be another effective way for this medical
purpose.

In our study, PSO also showed differential effects on triglyceride and cholesterol levels,
strongly decreasing circulating and adipose triglyceride, while having no effect on both
LDL-choleterol and HDL-cholesterol (Figure 2). Interestingly, these findings are somehow
different from the recent report by Su et al [25], which revealed the PSO supplement decreased
both triglyceride and total cholesterol (decreased LDL-C and increased HDL-C) in a high fat
Wistar rat animal model. Such an apparent discrepancy in cholesterol metabolism by PSO
supplement could be due to the different animal model used. As described in introduction,
hamsters are much closer in cholesterol metabolism to humans than other rodent species. In
contrast to unanimously reported triglyceride-lowering benefit, effects of different unsaturated
fatty acids on circulating cholesterol remain inconclusive. Suppression of circulating cholesterol
levels by dietary unsaturated fatty acids has been reported in both rodents and human subjects.
However, there have been no or even opposite effects on cholesterol level also reported by many
animal and clinical studies [26-29]. For example, Terpstra et al demonstrated that increasing
unsaturation of dietary fat could lower HDL-cholesterol in hamsters [29]. A systemic review
based on 22 clinical studies showed an increase in both LDL and HDL-cholesterol in subjects
taking n-3 PUFA over 4 weeks [30]. Echoing with these interesting clinical findings, we showed
no effect of PSO supplement on circulating cholesterol levels. Moreover, although decreased
HDL cholesterol levels has been long recognized as an important risk factor for CVD, some
recent evidence raised questions on heart benefit of HDL-cholesterol, showing association of
increased plasma HDL-C and risk of coronary heart disease [31].

In addition to the total fat content in the diet, specific types of fats may play important roles
in NAFLD pathophysiology. High intake of saturated fats has been demonstrated to be adverse
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in pathogenesis of NAFLD, while PUFA, especially n-3 PUFA, may be protective against
intravenous fat accumulation by enhancing fatty acid oxidation and decreasing lipogenesis.
PUFA concentrations have been shown to be lower in patients with NAFLD, and had a less
favorable higher ratio of n-6 to n-3 PUFA. Study by Araya et al demonstrated that ratio of n-6 to
n-3 PUFA was correlated with hepatic steatosis in NAFLD patients [16]. A systemic review and
meta-analysis based on 9 clinical studies and 355 individuals suggested that while optimal doses
are unknown, n-3 PUFA supplement decreased liver fat accumulation and improvement in liver
functions [32]. These benefits were also observed in our study, in addition to another study by Su
et al [25]. Therefore, PSO, which is rich in a-linolenic acid, could be a good source of n-3 PUFA
for NAFLD intervention.

CONCLUSIONS:

In summary, with a high fat hamster animal model, dietary supplement of PSO rich in different
unsaturated fatty acids, especially a-linolenic acid, was showed to effectively reduce important
risk factors implicated in CVD and NAFLD, providing compelling scientific evidence to support
use of this plant edible oil to reduce incidence of some metabolic diseases.
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