www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Partially defatted rather
than native poppy seeds
beneficially alter lipid metabolism
in rats fed a high-fat diet

Jarostaw Koza®*! & Adam Jurgoniski?**

Partially defatted poppy seeds, a by-product of poppy oil cold pressing, could be an interesting dietary
supplement for obesity management. The aim of this study was to compare the effects of dietary
supplementation with a small amount of native or partially defatted poppy seeds on gastrointestinal
function and lipid metabolism in rats fed a high-fat diet. The defatted poppy seeds had, among others,
lower fat content and higher fibre and protein content than native poppy seeds. The rats fed with

a high-fat diet were characterised by severe metabolic disorders, especially in the liver, and poppy
seeds were unable to prevent them. However, depending on the seed form, dietary supplementation
with poppy seeds differentially affected the microbial and endogenous lipid metabolism in rats.

In the distal intestine, both dietary seed forms stimulated microbial acetate production, and

the supplementation with partially defatted poppy seeds additionally inhibited isobutyrate and
isovalerate formation, which indicates a reduction in putrefaction. Both dietary seed forms increased
cholesterol accumulation in the liver. Only dietary supplementation with partially defatted poppy
seeds attenuated visceral fat and hepatic triglyceride accumulations and lowered blood triglyceride
concentrations, and at the transcriptional level, the inhibition of SREBP-1c, which upregulates genes
responsible for de novo lipogenesis, was additionally observed in this organ. In conclusion, a low and
regular consumption of partially defatted poppy seeds may be beneficial in managing obesity-related
disorders.

Opium poppy (Papaver somniferum L.) is a flowering plant widely known for its culinary and pharmacological
uses. Opium poppy contains specific alkaloids, including the most known morphine, obtained from the seed
capsules of this plant2. Poppy seeds, in turn, are the source of nutrients and other bioactive compounds® and
usually do not contain alkaloids, unless contaminated with them*”. Poppy seeds meet consumers’ preferences and
are eaten in various forms, either whole or ground, and added to retailed food products or regional dishes, such
as poppy seed noodles or pastes. Bread, sweets and confectionery products, such as cakes, pancakes, muffins or
cookies, may contain poppy seeds in different quantities, from a small decorative addition to bread to the main
ingredient of poppy seed cake (makowiec in Polish). The popularity and use of poppy seeds varies depending on
the part of the world, for example poppy seed noodles are a traditional dish in Poland and other Central European
counties, and poppy seed pastes are made in Turkey and other Western Asian countries®.

The main components of poppy seeds are fat (40-50%), dietary fibre (20-30%), mainly its insoluble fraction,
and protein (10-20%)”®. The oil extracted from the seeds predominantly contains polyunsaturated fatty acids
(PUFAs) with linoleic acid (18:2 n—6) as the main fatty acid (60-70%)” . The other fatty acids present in the oil
in larger quantities are palmitic acid (14%) and oleic acid (11%) that represent saturated and monounsaturated
fatty acids (SFAs and MUFAs), respectively. The protein quality of the seeds is relatively high containing all
essential amino acids with tryptophan as the limiting amino acid®. Poppy seed oil also contains a significant
amount of tocopherols (up to 340 mg/kg), including mainly y-tocopherol, some amount of phytosterols (approx.
2 mg/kg), and volatile compounds” °. Moreover, phenolic compounds, including flavonoids, were also detected
in poppy seeds®”.
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Cold-pressed vegetable oils are becoming more and more popular due to their minimal processing, which
is considered the basis of a healthy diet, and poppy seed oil also fits into this trend'’. During cold pressing, a
by-product in the form of defatted poppy seeds is obtained and suggested as a valuable and safe source of nutri-
ents and biologically active compounds for further potential use in the food and pharmaceutical industries®!!.
However, despite interesting composition of poppy seeds, there is a lack of knowledge about health consequences
of their consumption in both native and defatted form. Moreover, previous studies indicate that the non-lipid
fraction of certain seeds is largely responsible for attenuating obesity-related metabolic disorders, including those
of the distal intestine and lipid metabolism, which is due to dietary fibre and/or other seed-specific bioactive
compounds'? . Thus, the aim of the present study was to compare the effects of dietary supplementation with
a small amount of native or defatted poppy seeds on gastrointestinal function and lipid metabolism in rats fed
with a high-fat diet. We hypothesised that consuming defatted poppy seeds could be beneficial to rats due to a
wide variety of components other than those pressed with the oil.

Results

Chemical composition of poppy seeds. The composition of native poppy seeds and defatted poppy
seeds, which was a by-product in the production of cold-pressed oil, is shown in Table 1. The dry matter content
was higher in native poppy seeds than in defatted poppy seeds (94% vs. 91%), whereas the ash content was lower
in native poppy seeds than in their defatted form (7% vs. 10%). The main components of both seed forms were
fat, protein and fibre. Native poppy seeds were especially rich in fat (44%), and the protein and fibre content in
these seeds was 21% and 20%, respectively. The defatted form of poppy seeds had a higher fibre and protein con-
tent (33% and 27%, respectively), but still contained a significant amount of fat (21%) due to cold pressing, which
is not as efficient as other methods, such as hot pressing or chemical extraction'“. The fatty acid profile calculated
as percentage of the fat fraction also differed significantly between the two seed forms (Table 1). Native poppy
seeds had a higher percentage of PUFAs than their partially defatted form (66% vs. 41%) with linoleic acid being
the main fatty acid in both seed forms (65% and 41%, respectively). As a consequence, the defatted poppy seeds
had a higher percentage of SFAs and MUFAs. The SFA percentage was 16% in partially defatted poppy seeds and
12% in native poppy seeds with palmitic acid as the main fatty acid in both seed forms (16% and 10%, respec-
tively). The MUFA content was 38% in partially defatted poppy seeds and 17% in native poppy seeds, includ-
ing oleic acid as the main fatty acid in both seed forms (38% and 16%, respectively). Native poppy seeds also
contained a small percentage of other fatty acids, which were absent in their partially defatted form (Table 1).

Native poppy seeds | Partially defatted poppy seeds
Dry matter, % 94.0+0.09 90.7+0.10
Ash, % 7.21+0.03 9.85+0.04
Dietary fibre, % 20.3+£0.25 32.6+£1.45
Nitrogen-free extract, % 1.32+0.01 0.08+0.01
Crude protein, % 21.1+£0.06 27.1£0.41
Crude fat, % 43.8+0.17 20.9+0.27
Fatty acid profile (%)
Palmitic acid (16:0) 9.88+0.03 16.3£4.05
Palmitoleic acid (16:1 n-7) 0.11+0.00 -
Stearic acid (18:0) 2.27+0.00 -
Oleic acid (18:1 n—-9) 15.5+£0.03 38.2+1.90
Vaccenic acid (18:1 n-7) 1.38+0.01 -
Linoleic acid (18:2 n—6) 64.9+0.06 40.7+£5.92
Arachidic acid (20:0) 0.85+0.00 -
Gondoic acid (20:1 n-9) 0.10+0.00 -
a-Linolenic acid (18:3 n—-3) 0.65+0.00 -
Docosahexaenoic acid (22:6 n—3) 0.17+£0.00 -
Others 0.20+0.00 -
Calculated fatty acid content (%)
SFAs 12.3+£0.03 16.3+£4.05
MUFAs 17.1+£0.04 38.2+£1.90
PUFAs 65.7+0.06 40.7£5.92
n-3 0.82+0.00 -
n-6 64.9+0.09 40.7+£5.92

Table 1. Chemical composition of native and partially defatted poppy seeds. All values are expressed as the
mean +SD (n=3). SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated
fatty acids.
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Dietary intake, body weight and body composition of rats. To create an animal model of obesity-
related disorders, a high-fat diet was used for 8 weeks in rats (group HF, positive control), which was addition-
ally supplemented with 1% of native poppy seeds or partially defatted poppy seeds (HF + PS or HF + DPS group,
respectively, see Table 2 and the “Methods” section for details). The initial body weight of rats was comparable
among the control (regular fat content in the diet), HE, HF + PS and HF+DPS groups, as was the initial body
fat and lean percentage (Table 3). During 8 weeks of experimental feeding, the dietary intake was 12% lower in
the HF groups compared to the C group, and the dietary supplementation with poppy seeds, regardless of their
form, had no effect on it. Despite the lower dietary intake, rats from each HF group gained more body weight,
including body fat mass, compared to the C group. The final body weight was 10% higher in the HF group than
in the C group. After 8 weeks of feeding, the final body fat percentage was also higher in all HF groups, whereas
the final body lean percentage was lower, compared to the C group. However, the epididymal fat percentage,

Group
C |HF [HF+PS [HF+DPs

Ingredients

Casein 20 20 20 20
DL-methionine 0.3 0.3 0.3 0.3
Rapeseed oil (canola type) 7 7 7 7
Palm oil - 18 18 18
Cholesterol - 0.5 0.5 0.5
Native poppy seeds - - 1 -
Partially defatted poppy seeds - - - 1
Corn starch 53.0 |343 |335 33.5
Sucrose 10 10 10 10
Cellulose 5.0 5.0 5.0 5.0
Mineral mix 35 35 35 3.5
Vitamin mix 1 1 1 1
Choline chloride 02 |02 0.2 0.2
Components

Protein 18 18 18 18
Fat 7 25 25 25
Fibre 55 55 55 5.6

Table 2. Composition of the diets (g/100 g). C, control group; HE, high-fat group; HF + PS, high-fat group
supplemented with native poppy seeds; HF + DPS, high-fat group supplemented with partially defatted poppy
seeds. Chemical composition of casein (g/100 g): crude protein, 87.0; crude fat, 0.30; dietary fibre not detected;
ash, 2.0. Chemical composition of poppy seeds is shown in Table 1. The mineral and vitamin mixtures were in
accordance with the recommendations of the AIN-93 diet®.

Group

C HF HF +PS HF + DPS ANOVA P value
Initial body weight (g) 151+2.48 155+1.74 156+3.01 153 +4.07 NS
Initial fat (%) 16.2+0.259 17.8+0.559 17.9+0.696 17.7+£1.27 NS
Initial lean (%) 71.3+0.670 69.8+0.461 70.1+1.25 69.6+1.48 NS

Dietary intake (g/day) | 19.4+0.220° |17.1+0.286° | 17.1+0.442° | 16.8+0.306" | <0.001
Final body weight (g) 410+£6.66° | 450+£9.38° | 444+9.61° | 444+11.0° <0.05

Final fat (%) 28.6+1.23° |349+121° |345+0.89* |34.8+1.32° <0.005
Epididymal fat (%) 3.64+0.181" | 4.46+0.192* |4.24+0.221° | 4.20+0.202® | <0.05
Final lean (%) 59.8+1.15 [53.5+091° |54.9+0.99" |53.6+0.98" 0.001
Body weight gain (g) 260 +7.50° 295+8.97° 287+9.37% 292+9.77% <0.05
Fat gain (g) 9294556 | 130+£6.58 | 125+6.87° | 128+597* | 0.001
Lean gain (g) 138+6.09 132+4.44 134+4.62 1324573 NS

Table 3. Effects of dietary supplementation with native or partially defatted poppy seeds on body weight,

diet intake and body composition of rats. Values are means + SEMs (n=7). Labelled means in a row without a
common letter (a, b) differ at P<0.05 (Duncan’s or Dunn’s post hoc test). C, control group; HE, high-fat group;
HEF + PS, high-fat group supplemented with native poppy seeds; HF + DPS, high-fat group supplemented with
partially defatted poppy seeds; NS, non-significant.
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which is an important part of visceral fat in rodents'®, was significantly higher only in the HF and HF + PS group
compared to the C group (approx. by 20%). In the HF + DPS group, the epididymal fat percentage was compara-
ble to that of the C and HF group (Table 3).

Markers of gastrointestinal functioninrats. Effects of dietary supplementation with native or partially
defatted poppy seeds on gastrointestinal function is shown in Table 4. In the small intestine of all HF groups,
the activity of mucosal disaccharidases (maltase and sucrase) was approximately two times lower than in the C
group, apparently due to the lower content of carbohydrates in the diet of HF groups (details in Table 2). How-
ever, poppy seeds did not affect the mucosal disaccharidase activity. The main site for microbial fermentation
of indigestible dietary components and thus for production of short-chain fatty acids (SCFAs) in rodents is the
caecum'®. Because the high-fat diet in the present study contained significantly less carbohydrates for microbial
fermentation, the SCFA concentrations in the caecal digesta (each individual and total) were lower in the HF
group compared to the C group (Table 4). Dietary supplementation with 1% poppy seeds affected the individual
concentration of SCFAs to some extent, but did not change their total concentration. The acetate concentration,
which is the main SCFA formed in the distal intestine'”, was higher in the HF + PS and HF + DPS groups com-
pared to the HF group, and at the same time it was comparable with that of the C group. The concentrations of
branched SCFAs (isobutyrate and isovalerate) were lower in the HF and HF + PS group than in the C group, but
the lowest concentrations of these fatty acids were in the HF + DPS group. The SCFA percentages in the caecal
digesta also differed among groups (Table 4). The acetate percentage was higher, and the butyrate percentage was
lower in all HF groups compared to the C group. The lowest total percentage of branched SCFAs (isobutyrate and
isovalerate) was in the HF + DPS group, then it was higher in the HF and HF + PS group, and the highest—in the
C group. All the aforementioned differences in the caecal formation of SCFAs were accompanied by a slightly
and significantly lower pH value of the digesta in the HF + PS and HF + DPS groups, respectively, compared to
the HF group (Table 4).

Lipid metabolism and liver function in rats. A high-fat diet used in the present study significantly
affected endogenous lipid metabolism in rats. The liver relative mass, fat percentage, cholesterol and triglyceride
concentration were higher in the HF group than in the C group (Table 5). These differences concerned especially

Group

C HF HF +PS HF +DPS ANOVA P value
Small intestine
Mass (g/100 g b.wt) 2.81+0.108 | 3.08+0.120 3.05+0.069 | 2.96+0.080 |NS
pH of digesta 7.55+0.088 | 7.50%0.166 7.19+0.141 7.50+0.055 | NS
Sucrase (umol/min/g) 6.08+1.17* 3.04+0.42° 2.77+0.65" 2.82+0.40° | <0.01
Maltase (umol/min/g) 49.6+6.10° 27.4+4.21° 19.7+4.02° 24.1+2.72° <0.001
Caecum
Mass of empty segment (g/100 b.wt) 0.159+0.006 | 0.149+0.006 | 0.152+0.007 0.143+0.004 | NS
Digesta mass (g/g tissue) 3.85+0.305 3.23+0.263 3.25+0.335 3.37+0.275 NS
pH of digesta 7.70£0.046° | 7.78+0.030° | 7.70+£0.095® | 7.57+0.031® | <0.05
Ammonia (mg/g digesta) 0.249+0.015 |0.252+0.018 |0.224+0.018 |0.235£0.010 | NS
SCFAs (umol/g digesta)
Acetate 40.6+2.27* | 31.5+2.16 35.7+2.27° 349+1.15* | <0.05
Propionate 11.8+0.647* | 7.85+0.678" | 7.65+0.637° | 7.73+0.686° | <0.001
Isobutyrate 1.51£0.063* | 0.921+0.091° | 0.880+0.059" | 0.635+0.066° | <0.001
Butyrate 7.43+0.521* | 3.75+0.617° | 3.54+0.364® | 4.09+0.576" | <0.001
Isovalerate 1.53£0.078" | 0.957+0.071° | 0.905+0.037 | 0.631+0.044° | <0.001
Valerate 1.28+0.184* | 0.859+0.089° | 0.777+0.112° | 0.671+0.082° | 0.01
Total SCFAs 64.1+3.28° 45.8+3.52° 49.4+2.63° 48.7+1.71* | 0.001
SCFAs (% total)
Acetate 63.2+0.891" | 69.1+1.27° 72.0+1.86° 71.8+1.32* | <0.001
Propionate 18.4+0.599 | 17.1+0.479 15.5+1.07 15.8+1.05 NS
Butyrate 11.6+0.677* | 7.93+0.763> | 7.24+0.703> | 8.40+1.10 | 0.005
Branched SCFAs 4.80+0.301* | 4.10+0.143> | 3.65+0.221° | 2.59+183¢ <0.001

Table 4. Effects of dietary supplementation with native or partially defatted poppy seeds on gastrointestinal
function in rats. Values are means + SEMs (n=7). Labelled means in a row without a common letter (a, b, ¢)
differ at P<0.05 (Duncan’s or Dunn’s post hoc test). C, control group; HF, high-fat group; HF + PS, high-fat
group supplemented with native poppy seeds; HF + DPS, high-fat group supplemented with partially defatted
poppy seeds, NS, non-significant, SCFAs, short-chain fatty acids. Branched SCFAs are the sum of isobutyrate
and isovalerate.
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Group ANOVA P value
C HF HF+PS HF+DPS
Liver
Mass (g/100 b.wt) 3.49+0.117° | 4.86+0.096* | 4.88+0.180* 4.91+0.159* | <0.001
Fat (%) 8.63+0.728° | 36.3+£2.902° | 30.9+1.62° 34.7+1.59* <0.001
Cholesterol (mg/g) 1.2140.114° | 7.21+0.264° | 10.7+0.595* 10.8+0.716* | <0.001
Triglycerides (mg/g) 7.64+0.685 | 22.6+0.631° | 21.240.090® | 19.4+0.599" | <0.001
MDA (ug/g) 0.563+0.016 | 0.527+0.012 | 0.519+0.0142 | 0.508+0.147 | NS
Blood lipid profile (mmol/L)
Total cholesterol 2.44+0.147 3.07+£0.207 | 2.97+0.208 2.88+0.154 | NS
HDL cholesterol 0.797+£0.044 | 0.644+0.066 | 0.630+0.052 0.616+0.038 | NS
Non-HDL cholesterol 1.64+0.107° | 2.42%0.175* | 2.34+0.167° 2.27+0.159* | <0.01
Triglycerides 2.84+0.283* | 2.28+0.179* | 2.18+0.356* 1.60+0.161° | <0.05
Other blood biomarkers
ALT (U/L) 21.6+3.59" 62.2+17.39% | 40.5+5.82%® 72.7+15.1* <0.05
AST (U/L) 67.3+5.83 99.1+£20.21 81.3+£7.25 126+20.40 | NS
ALP (U/L) 121 +5.48° 203+17.17* 179+10.91* 195+7.72* <0.001
Total bile acids (umol/L) 0.829+0.105 | 0.845+0.178 | 0.803+0.197 0.758+0.248 | NS
Glucose (mmol/L) 18.0+1.29 19.1£1.20 20.1+1.31 19.3+£1.66 NS

Table 5. Effects of dietary supplementation with native or partially defatted poppy seeds on lipid metabolism
and liver function in rats. Values are means + SEMs (n=7). Labelled means in a row without a common

letter (a, b, ¢) differ at P<0.05 (Duncan’s or Dunn’s post hoc test). ALT, alanine transaminase; ALP, alkaline
phosphatase; AST, aspartate transaminase. C, control group; HE, high-fat group; HF + PS, high-fat group
supplemented with native poppy seeds; HF + DPS, high-fat group supplemented with partially defatted poppy
seeds; MDA, malondialdehyde; NS, non-significant. Non-HDL cholesterol was calculated as the difference
between the total and HDL cholesterol.

liver lipids (total fat, cholesterol and triglycerides), the concentrations of which were several times higher in the
HF group than in the C group. In addition, the mRNA level of sterol regulatory element-binding protein 1c gene
(SREBP-1¢) in the liver, which is a transcription factor responsible for stimulating hepatic de novo lipogenesis'®,
was also higher in the HF group than in the C group (Fig. 1A). This was not the case for hepatic mRNA levels
of other genes encoding transcription factors involved in lipid metabolism (PPAR-« and PPAR-y; Fig. 1B,C). A
high-fat diet had relatively less effect on the blood lipid profile and only the non-HDL cholesterol concentra-
tion was higher in the HF group than in the C group (Table 5). Dietary supplementation with partially defatted
poppy seeds rather than with their native form attenuated some of the lipid disorders induced by a high-fat diet,
but due to their severity, they were still present in rats. The plasma triglyceride concentration was lower in the
HF+DPS group than in the other groups (by 30% than in the HF+DPS group). The hepatic triglyceride concen-
tration and SREBP-1c mRNA level were 14% and 61% lower, respectively, in the HF + DPS group than in the HF
group. However, the liver cholesterol concentration was approx. 48% higher both in the HF + PS and HF + DPS
group compared to the HF group. The liver malondialdehyde (MDA) concentration, which is a product of PUFA
peroxidation®, did not differ among research groups. Moreover, the activity of certain liver enzymes in the blood
plasma was higher in the HF group than in the C group (ALT and ALP, Table 5), and in the HF+DPS group, the
alanine transaminase (ALT) activity was comparable to that of the C and HF group. The plasma total bile acid
and glucose concentrations did not differ among research groups (Table 5).

Discussion

Obesity and obesity-related disorders, such as gut dysbiosis, fatty liver disease or dyslipidemia, are some of the
most important health problems for which appropriate dietary changes are needed**!. However, they are often
difficult to implement, and additional dietary supplementation may be the way to deal with these problems, pro-
vided that an effective preparation is used. This study was intended to answer whether dietary supplementation
with poppy seeds may affect the development of obesity-related disorders. For this purpose, we fed rats with a
high-fat diet, which was additionally supplemented with 1% native or partially defatted poppy seeds. This level
of supplementation translates to a daily consumption of 82 g of poppy seeds (5.5 tablespoons) by an adult human
weighing 75 kg, which is the amount that can be consumed during the day. We took this approach to facilitate
the translation of the obtained results into further human trials, if needed. The rat model used in this study was
characterised by severe metabolic disorders, especially in the liver, which was manifested by overweight, fatty
liver and elevated activity of liver enzymes (ALT and ALP).

We used native poppy seeds and their defatted form by cold pressing, which, however, still contained a sig-
nificant amount of fat (44% vs. 21%) due to the well-known low efficiency of this process'. The lack of complete
defatting is the limitation of this study, because we were unable to precisely assess the extent to which the lipid
fraction of poppy seeds is responsible for their effects. Nevertheless, we believe that partially defatted poppy seeds
are such an interesting by-product available on the market that its methodically simplified comparison with native
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Figure 1. Effects of dietary supplementation with native or partially defatted poppy seeds on hepatic mRNA
levels of transcription factors involved in lipid metabolism in rats. PPAR-«, peroxisome proliferator-activated
receptor alpha gene (A); PPAR-y, peroxisome proliferator-activated receptor gamma gene (B); SREBP-Ic, sterol
regulatory element-binding protein 1c gene (C); ACTB, beta-actin gene. The graph shows a box-and-whisker
plot for the measurements in each group. The values above the bars are the means + SEMs (n=7). Labelled
means without a common letter (a, b) differ at P<0.05 (Duncan’s or Dunn’s post hoc test). C, control group;
HE high-fat group; HF + PS, high-fat group supplemented with native poppy seeds; HF + DPS, high-fat group
supplemented with partially defatted poppy seeds.

poppy seeds is justified and valuable, especially for practical reasons and the need of their utilization. Moreover,
partially defatted poppy seeds had lower percentage of PUFAs in the form of linoleic acid than their native form.
Similar relationships were observed by Melo et al.?, who compared chemical composition of poppy seeds and
their press cake. An explanation for this phenomenon may be that PUFAs can pass from seeds to oil more easily
due to their relatively lower melting point and viscosity, which are important factors facilitating cold pressing'+?2.

In this study, the fibre content was significantly higher in partially defatted poppy seeds than in their native
form (33% vs. 20%), and this dietary component is especially important in preventing and managing obesity
and obesity-related diseases due to its resistance to digestion, among others?. Dietary fibre is fermented by
the gut microbiota into SCFAs, including acetate, propionate and butyrate, as the major end products of this
fermentation. SCFAs are considered to be indirect nutrients for the body, which, after being absorbed from the
distal intestine, participate in the regulation of energy metabolism and fulfil a number of functions. However,
not all SCFAs can be beneficial in obesogenic state and, for example, acetate is a substrate for hepatic cholesterol
biosynthesis'”. In the present study, we found the caecal acetate content elevated in rats fed a diet supplemented
with native and partially defatted poppy seeds, but it did not significantly correlate with the higher hepatic
cholesterol concentration in those animals (r = 0.36 and —0.54, respectively; P > 0.05). Moreover, we found a
significant reduction of branched SCFAs in the caecum (isobutyrate and isovalerate) by supplementing the diet
with partially defatted poppy seeds, but not with their native form. Branched SCFAs are produced in smaller
amounts and their effect on the body is insufficiently understood. Nevertheless, both isobutyrate and isovalerate
mainly originate from protein fermentation in the distal intestine and thus they are considered as markers of this
potentially harmful process for the intestinal epithelium?*. Interestingly, a negative correlation has been found
between the consumption of dietary insoluble fibre and faecal levels of branched SCFAs*, which is in accordance
with our results, because poppy seeds contain almost exclusively this fibre fraction®.

Epididymal fat is an important part of visceral fat in rodents'®, and in the present study, dietary supplemen-
tation with partially defatted poppy seeds prevented its excessive accumulation induced by the diet. In addi-
tion, the supplementation with partially defatted poppy seeds lowered triglyceride concentration both in the
liver and blood plasma, which did not correlate, however, with the lower SREBP-1c mRNA level in the liver (r
=-0.25 and -0.61, respectively; P > 0.05). SREBP-1c upregulates the expression of genes involved in fatty acid
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and triglyceride synthesis from non-lipid precursors'®, so its downregulation in the present study indicates on
inhibited hepatic de novo lipogenesis by defatted poppy seeds. However, since there were no straightforward
correlations, the mechanism behind the aforementioned beneficial effects seems to be more complex. Moreover,
these beneficial alterations were not accompanied by a reduction in body weight and body fat percentage nor
relative liver mass and liver fat percentage, which was most likely due to similar calorie intake in all HF groups.
Unfortunately, the observed decrease in hepatic triglycerides was compensated by higher hepatic cholesterol in
both poppy seed-supplemented groups, as mentioned in the previous paragraph in the context of the microbial
acetate production. However, the blood cholesterol was not affected by dietary poppy seeds, regardless of their
form, whereas the blood triglycerides were lowered by the partially defatted form. Thus, considering the risk
for cardiovascular disease, the increased accumulation of cholesterol in the liver found in our study may not be
considered as unfavourable for humans. It is hard to speculate which compounds of partially defatted poppy
seeds could have been responsible for the observed triglyceride-lowering effects (both in the blood and in the
liver); however, these might include phenolic acids, some of which can inhibit hepatic SREBP-1c expression*>?°.
Most likely, PUFAs did not play any role, since native poppy seeds had no significant effects on triglyceride
metabolism, and the expression level of PPAR-« mRNA did not change either. PUFAs are known PPAR-« ligands,
thus upregulate the expression of genes involved in the S-oxidation of fatty acids?”?%. We also did not note any
significant effects of poppy seeds on the hepatic mRNA level of PPAR-y, which in turn upregulates the expression
of genes involved in body’s adipogenesis®. Interestingly, in previous studies on rats, whose diet was supplemented
with defatted forms of flax and hemp seeds, we also showed some improvements in the lipid metabolism, but
those were related to PPAR-a and PPAR-y, and not to SREBP-1¢**.

There is a need to recognise alternative, plant-derived sources of components that are usually deficient in the
diet. The need is especially important in the context of highly processed food, which contributes to the worldwide
pandemic of obesity and diet-related diseases®’. In the literature, a by-product in the form of defatted poppy
seeds is suggested as a valuable source of nutrients, dietary fibre and biologically active compounds®. To our
knowledge, there have been no nutritional studies available on the health effects of poppy seeds, regardless of their
form, despite their interesting chemical composition. Therefore, in the present study, we wanted to fill the gaps
aforementioned and verify the potential health consequences of consuming defatted poppy seeds. Our results
indicate that a low and regular consumption of partially defatted poppy seeds alters lipid metabolism and may
be beneficial in managing obesity-related disorders, such as hyperlipidaemia or triglyceride overaccumulation in
the body. As importantly, the study is strictly focused on dietary changes and does not cover all the wide-ranging
aspects of obesity development and management, such as social and environmental factors®*>. However, it may
indicate a new dietary option for food manufacturers and healthy consumers, and even for people with already
diagnosed lipid disorders. The latter should, however, primarily adhere to recognised methods of treatment.

Conclusions

The rats fed with a high-fat diet were characterised by severe metabolic disorders, especially in the liver, and
poppy seeds were unable to prevent them. However, depending on the seed form, the supplementation with the
small amount of native or partially defatted poppy seeds differentially affected the microbial and endogenous
lipid metabolism in rats fed a high-fat diet. In the distal intestine, both dietary seed forms stimulated acetate
production, and the supplementation with partially defatted poppy seeds additionally inhibited the formation of
branched SCFAs, which indicates a reduction in putrefaction. Furthermore, both dietary seed forms stimulated
cholesterol accumulation in the liver. Only dietary supplementation with partially defatted poppy seeds attenu-
ated visceral fat and hepatic triglyceride accumulations and lowered blood triglyceride levels, and the inhibition
of hepatic de novo lipogenesis was indirectly involved in this process. These results indicate that a low and regular
consumption of partially defatted poppy seeds, a by-product of cold-pressed oil, alters lipid metabolism and may
be beneficial in managing obesity-related disorders.

Methods

Chemical composition of poppy seeds. Opium poppy (Papaver somniferum L.) seeds were purchased
in two forms: native and partially defatted by cold pressing. Native poppy seeds were from BioPlanet plc (Leszno,
Mazovia Province, Poland), and partially defatted poppy seeds were from Efavit Co. (Poznan, Poland). Both
forms were ground for 1 min at a temperature below 37 °C before being used as dietary supplements in the
experiment. The chemical composition of native and partially defatted poppy seeds was quantified in triplicate
by an accredited testing laboratory (Nuscana, Mrowino, Poland) in accordance with the Polish-European ISO
standards, official procedures of AOAC or internal procedures, using commonly known methods. Briefly, the
dry matter and ash content were determined by the gravimetric method after drying both forms of poppy seeds
at 105 °C and 525 °C (PN-EN 1135:1999), respectively. The total dietary fibre was determined by the enzymatic-
gravimetric method (AOAC 991.43:1994). Crude protein was determined by the Kjeldahl method (PN-EN ISO
20483:2014-02), and crude fat was determined by the Soxhlet extraction method. The nitrogen-free extract was
then calculated by subtracting water, ash, fibre, crude protein and crude fat from 100. The fatty acid profile
of the fat fraction extracted from the native and defatted seeds was determined by gas chromatography with
flame-ionization detection after previous conversion of the fatty acids into respective methyl esters (PN-EN
ISO 12966-1:2015 and 12966-2: 2011). The chemical composition of native and partially defatted poppy seeds
is shown in Table 1.

Animals, diets and experimental design. The feeding experiment was conducted on 28 male 6-week-
old Wistar rats allocated to 4 groups of 7 animals each. Initial acclimatisation of the rats lasted 1 week prior to
experimental feeding. The initial body weight of rats was comparable among groups (details in Table 3). For
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8 weeks, each group was fed with a modified version of the semipurified diet recommended for rodents by
Reeves®. The control (C) group was fed a standard diet with regular fat content in the form of rapeseed oil (7%
diet), whereas the high-fat group (group HEF, positive control) was fed a modification of this diet, in which palm
oil and cholesterol were added (18% and 0.5% diet, respectively). In the other two groups, the high-fat diet was
supplemented with 1% native or partially defatted poppy seeds (HF + PS or HF + DPS group, respectively). This
level of supplementation translates to a daily consumption of 82 g of poppy seeds by an adult human weighing 75
kg, which was calculated on the basis of initial body weight and dietary intake of rats. All dietary modifications
were made at the expense of corn starch, and each diet had similar content of nutrients and dietary fibre. The
detailed composition of the diets, which were freely available to rats for the entire experimental period, is shown
in Table 2. The rats were individually housed in plastic cages and a controlled environment (a 12 h light-dark
cycle, a temperature of 21 + 1 °C, a relative humidity of 50-70% and 20 air changes per hour).

Body composition analysis. At the beginning and end of experimental feeding, the body lean and
fat masses of the rats were determined by time-domain NMR using the Minispec LF 90II analyser (Bruker,
Karlsruhe, Germany) according to a previously described method*. Based on the body weight and other base-
line and endpoint measurements, the body lean and fat percentages and gains were then calculated. The method
relies on transmitting various radio frequency pulses into soft body flesh to reorient the nuclear magnetic spins
of the hydrogen and then to detect radio frequency signals generated by the hydrogen spins from that flesh. The
contrast in relaxation times of the hydrogen spins found among adipose tissue and other soft fleshes is then used
to estimate their masses within the body.

Sampling and analysis of biological material. At the end of experimental feeding, the rats were anaes-
thetised with a mixture of xylazine and ketamine in physiological salt (10 mg and 100 mg/kg body weight,
respectively). Each rat was then weighed, and the abdomen was cut open. Blood was collected from the vena
cava into heparinised tubes. The blood was then centrifuged for 10 min at 380xg and 4 °C, and the obtained
plasma was frozen until analysis. The small intestine, caecum and liver were then removed, weighed and frozen
in liquid nitrogen or used for further procedures.

Disaccharidase activities (maltase and sucrase) was measured in jejunal mucosa according to the previously
described method of Dahlqvist with modifications®. Briefly, an aliquot of mucosal homogenate was incubated at
37 °C with a substrate solution (maltose or sucrose) in a phosphate buffer (pH 7.0). After 15 min of incubation,
cold distilled water was added, and the enzymatic reaction was interrupted by immersing the test tube in boil-
ing water for 3 min. A blank with the same composition was simultaneously prepared and immersed in boiling
water without prior incubation. Glucose was quantified using a glucose oxidase reagent (Alpha Diagnostic Ltd.,
Warsaw, Poland), and the disaccharidase activity was expressed as imol of glucose liberated from the disaccharide
per minute per gram of protein. The protein concentration in the mucosa was determined using the Bradford
method with bovine serum albumin as the standard.

Samples of fresh caecal digesta were collected, and their pH values were measured using a microelectrode
and pH/ION metre (Model 301, Hanna Instruments). The ammonia concentration in the fresh caecal digesta
was extracted, trapped in a solution of boric acid and then quantified by direct titration with sulphuric acid in
Conway dishes according to the method described by Hofirek and Haas®. The short-chain fatty acid (SCFA) con-
centrations were determined in the caecal digesta after storage at — 20 °C using a gas chromatograph (Shimadzu
Co., Japan) and capillary column (SGE BP21, 30 m x 0.53 mm; SGE Europe Ltd.) as previously described?®.

Liver lipids were extracted according to the method of Folch et al.*” with previously described modifications".
Briefly, the liver slice was homogenised with a 2:1 mixture of chloroform-methanol using a homogenizer (IKA
T25, USA) followed by centrifugation at 15,000xg for 10 min. The supernatant was washed with distilled water,
vortexed and centrifuged for 15 min (2500xg). After removing the upper phase, the lower phase containing lipids
was evaporated under a nitrogen stream at 37 °C. The lipid fraction obtained in this way was then dissolved with
chloroform, and cholesterol and triglyceride concentrations were determined spectrophotometrically in this
solution using reagents from Alpha Diagnostics Ltd. (Warsaw, Poland). The hepatic malondialdehyde (MDA)
concentration was also determined spectrophotometrically (at 532 nm) using the extraction procedure developed
by Botsoglou et al."” and expressed as micrograms of MDA per gram of liver.

The plasma concentration of cholesterol (total and its HDL fraction), triglycerides and glucose, as well as the
plasma activity of alanine transaminase (ALT), aspartate transaminase (AST) and alkaline phosphatase (ALP)
were determined using a biochemical analyser (Pentra C200, Horiba Ltd., Japan). The plasma total concentration
of bile acids was determined using the Cell Biolabs kit (San Diego, CA, USA).

mMRNA quantification. Gene mRNA expression levels in the liver were quantified according to a previ-
ously described method' on devices and reagents from Thermo Fisher Scientific (Waltham, MA, USA). Briefly,
RNA was extracted from the liver using TRI Reagent solution according to the manufacturer’s instruction. RNA
quantity and quality were measured by spectrophotometry using NanoDrop1000 and agarose gel electrophore-
sis, respectively. cDNA was synthesised from 500 ng of RNA using a high-Capacity cDNA reverse transcription
kit with a ribonuclease inhibitor. The beta-actin gene (ACTB) was selected as a reference in each particular cases.
The mRNA level of each individual gene was determined using the species-specific and recommended TagMan
gene expression assay probe. Amplification was performed using the 7900HT Fast Real-Time PCR System under
the following conditions: initial denaturation for 10 min at 95 °C; 40 cycles of 15 s at 95 °C and 1 min at 60
°C. Each run included a standard curve based on aliquots of pooled liver RNA. All samples were analysed in
duplicates. The mRNA levels of sterol regulatory element-binding protein 1c gene (SREBP-Ic) and peroxisome
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proliferator-activated receptor alpha and gamma genes (PPAR-«a and PPAR-y, respectively) were normalised to
ACTB and multiplied by 10.

Statistical analysis. The results are expressed as the mean + standard error of the mean (SEM) except
for the chemical composition of poppy seeds, whose results were expressed as the mean + standard deviation
(SD). One-factor analysis of variance (ANOVA) and Duncan’s post hoc test were used to determine significant
differences among groups at P < 0.05. If the ANOVA was not homogenous, one-factor Kruskal-Wallis ANOVA
by ranks was used followed by Dunn’s Bonferroni-corrected post hoc test (P < 0.05). All calculations were per-
formed using Statistica version 13.1 (StatSoft Corp., Cracow, Poland). Spearman’s rank correlation was used to
measure the relationship between the selected variables with P < 0.05 as significant.

Ethical approval. The experiment protocol was in compliance with European guidelines for the care and
use of laboratory animals and it was approved by the Local Institutional Animal Care and Use Committee
in Olsztyn, Poland (permission number: 37/2017). This research was also conducted in accordance with the
ARRIVE guidelines and regulations. The poppy seeds were purchased as food products and the study complied
with institutional, national, and international guidelines and legislation.
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All data generated or analysed during this study are included in this published article.

Received: 27 March 2023; Accepted: 17 August 2023
Published online: 29 August 2023

References
1. Gracz-Bernaciak, J., Mazur, O. & Nawrot, R. Functional studies of plant latex as a rich source of bioactive compounds: Focus on
proteins and alkaloids. Int. J. Mol. Sci. 22, 12427 (2021).
2. Hong, U. V. T. et al. Insights into opium poppy (Papaver spp.) genetic diversity from genotyping-by-sequencing analysis. Sci. Rep.
12,111 (2022).
3. Kroslék, E. et al. Antioxidant and proteinase inhibitory activities of selected poppy (Papaver somniferum L.) genotypes. Chem.
Biodivers. 14, 1700176 (2017).
4. Carlin, M. G,, Dean, J. R. & Ames, ]. M. Opium alkaloids in harvested and thermally processed poppy seeds. Front. Chem. 8, 737
(2020).
5. Muhammad, A. et al. Review on physicochemical, medicinal and nutraceutical properties of poppy seeds: A potential functional
food ingredient. Funct. Foods Heal. Dis. 11, 522-547 (2021).
6. Ozbunar, E. et al. Morphine concentrations in human urine following poppy seed paste consumption. For. Sci. Int. 295, 121-127
(2019).
7. Luhmer, K. et al. Fatty acid composition, tocopherols, volatile compounds, and sensory evaluation of low morphine yielding
varieties of poppy (Papaver somniferum L.) seeds and oils. J. Agric. Food Chem. 69, 3439-3451 (2021).
8. Melo, D. et al. Nutritional and chemical characterization of poppy seeds, cold-pressed oil, and cake: Poppy cake as a high-fibre
and high-protein ingredient for novel food production. Foods 11, 3027 (2022).
9. Emir, D. D., Aydeniz, B. & Yilmaz, E. Effects of roasting and enzyme pretreatments on yield and quality of cold-pressed poppy
seed oils. Turk. J. Agric. For. 39, 260-271 (2015).
10. Ozbek, Z. A. & Ergéniil, P. G. Chapter 19: Cold pressed poppy seed oil. In Cold Pressed Oils (ed. Ramadan, M. F.) 231-239 (Aca-
demic Press, 2020).
11. Blicharz-Kania, A., Starek-Wdjcicka, A. & Andrejko, D. Assessment of the possibility of using poppy seed cake for the production
of oat cookies. Appl. Sci. 12, 9966 (2022).
12. Opyd, P. M., Jurgonski, A., Fotschki, B. & Juskiewicz, J. Dietary hemp seeds more effectively attenuate disorders in genetically
obese rats than their lipid fraction. J. Nutr. 150, 1425-1433 (2020).
13. Opyd, P. M. & Jurgonski, A. Intestinal, liver and lipid disorders in genetically obese rats are more efficiently reduced by dietary
milk thistle seeds than their oil. Sci. Rep. 11, 20895 (2021).
14. Rani, H., Sharma, S. & Bala, M. Technologies for extraction of oil from oilseeds and other plant sources in retrospect and prospects:
A review. J. Food Proc. Eng. 44, €13851 (2021).
15. Chusyd, D. E., Wang, D., Huffman, D. M. & Nagy, T. R. Relationships between rodent white adipose fat pads and human white
adipose fat depots. Front. Nutr. 3,10 (2016).
16. Brown, K., Abbott, D. W., Uwiera, R. R. E. & Inglis, G. D. Removal of the cecum affects intestinal fermentation, enteric bacterial
community structure, and acute colitis in mice. Gut Microbes 9, 218-235 (2018).
17. Conterno, L. et al. Obesity and the gut microbiota: Does up-regulating colonic fermentation protect against obesity and metabolic
disease? Genes Nutr. 6, 241-260 (2011).
18. Strable, M. S. & Ntambi, J. M. Genetic control of de novo lipogenesis: Role in diet-induced obesity. Crit. Rev. Biochem. Mol. Biol.
45,199-214 (2010).
19. Botsoglou, N. A. et al. Rapid, sensitive, and specific thiobarbituric acid method for measuring lipid peroxidation in animal tissue,
food, and feedstuff samples. J. Agric. Food Chem. 42, 1931-1937 (1994).
20. Fabbrini, E., Sullivan, S. & Klein, S. Obesity and nonalcoholic fatty liver disease: Biochemical, metabolic, and clinical implications.
Hepatology 51, 679-689 (2010).
21. Amabebe, E., Robert, E, Agbalalah, T. & Orubu, E. Microbial dysbiosis-induced obesity: Role of gut microbiota in homoeostasis
of energy metabolism. Brit. J. Nutr. 123, 1127-1137 (2020).
22. Fasina, O. O. et al. Predicting temperature-dependence viscosity of vegetable oils from fatty acid composition. J. Amer. Oil Chem.
Soc. 83, 899-903 (2006).
23. Waddell, S. I. & Orfila, C. Dietary fiber in the prevention of obesity and obesity-related chronic diseases: From epidemiological
evidence to potential molecular mechanisms. Crit. Rev. Food Sci. Nutr. 26, 1-16 (2022).
24. Rios-Covian, D. et al. An overview on fecal branched short-chain fatty acids along human life and as related with body mass index:
Associated dietary and anthropometric factors. Front. Microbiol. 11, 973 (2020).
25. Jin, S. H. et al. Resveratrol inhibits LXRa-dependent hepatic lipogenesis through novel antioxidant SESTRIN2 gene induction.
Toxicol. Appl. Pharmacol. 271, 95-105 (2013).
26. Gnoni, A. et al. Quercetin reduces lipid accumulation in a cell model of NAFLD by inhibiting de novo fatty acid synthesis through
the acetyl-CoA carboxylase 1/AMPK/PP2A axis. Int. J. Mol. Sci. 23, 1044 (2022).

Scientific Reports |

(2023) 13:14171 | https://doi.org/10.1038/s41598-023-40888-x nature portfolio



www.nature.com/scientificreports/

27. Bordoni, A., Di Nunzio, M., Danesi, F. & Biagi, P. L. Polyunsaturated fatty acids: From diet to binding to ppars and other nuclear
receptors. Genes Nutr. 1, 95-106 (2006).

28. Vazquez-Carrera, M. & Wahli, W. PPARs as key mediators in the regulation of metabolism and inflammation. Int. J. Mol. Sci. 23,
5025 (2022).

29. Opyd, P. M., Jurgonski, A., Juskiewicz, ., Fotschki, B. & Koza, ]. Comparative effects of native and defatted flaxseeds on intestinal
enzyme activity and lipid metabolism in rats fed a high-fat diet containing cholic acid. Nutrients 10, 1181 (2018).

30. Jurgonski, A., Opyd, P. M. & Fotschki, B. Effects of native or partially defatted hemp seeds on hindgut function, antioxidant status
and lipid metabolism in diet-induced obese rats. J. Funct. Foods 72, 104071 (2020).

31. Najjar, R. S. & Feresin, R. G. Plant-based diets in the reduction of body fat: Physiological effects and biochemical insights. Nutrients
11,2712 (2019).

32. Lee, A, Cardel, M. & Donahoo, W. T. Social and environmental factors influencing obesity. [Updated 2019 Oct 12]. In: Feingold,
K. R. et al. South Dartmouth (MA): MDText.com, Inc., 2000.

33. Reeves, P. C. Components of the AIN-93 diets as improvements in the AIN-76A diet. J. Nutr. 127, 838-841 (1997).

34. Koza, J. & Jurgonski, A. Asteraceae seeds as alternative ingredients in a fibre-rich diet: Protein quality and metabolic effects in rats.
Molecules 28, 3275 (2023).

35. Hofirek, B. & Haas, D. Comparative studies of ruminal fluid collected by oral tube or by puncture of the caudoventral ruminal sac.
Acta Vet. Brno 70, 27-33 (2001).

36. Barczynska, R., Jurgonski, A., Slizewska, K., Juskiewicz, J. & Kapusniak, J. Effects of potato dextrin on the composition and
metabolism of the gut microbiota in rats fed standard and high-fat diets. J. Funct. Foods 34, 398-407 (2017).

37. Folch, J., Lees, M. & Sloane Stanley, G. H. A simple method for the isolation and purification of total lipids from animal tissues. J.
Biol. Chem. 226, 497-509 (1957).

Acknowledgements

We thank the members of the Biological Function of Food research team and the Animal Laboratory team,
Institute of Animal Reproduction and Food Research, Polish Academy of Sciences, Olsztyn, Poland, who were
involved in conducting this experiment.

Author contributions

The authors’ responsibilities were as follows—].K. and A.J.: designed the research; analysed the data; wrote the
final manuscript; prepared tables and figures; read and approved the final manuscript; A.J. and others: performed
the experiment; J.K.: wrote a draft of the manuscript.

Funding
This research was supported by the National Science Centre, Poland (project number: 2016/23/B/NZ9/01012).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.K. or A.].

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:14171 | https://doi.org/10.1038/s41598-023-40888-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Partially defatted rather than native poppy seeds beneficially alter lipid metabolism in rats fed a high-fat diet
	Results
	Chemical composition of poppy seeds. 
	Dietary intake, body weight and body composition of rats. 
	Markers of gastrointestinal function in rats. 
	Lipid metabolism and liver function in rats. 

	Discussion
	Conclusions
	Methods
	Chemical composition of poppy seeds. 
	Animals, diets and experimental design. 
	Body composition analysis. 
	Sampling and analysis of biological material. 
	mRNA quantification. 
	Statistical analysis. 
	Ethical approval. 

	References
	Acknowledgements


