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Abstract

Background: Obesity continues to be a major global health challenge, often accompanied by chronic low-
grade inflammation and metabolic complications, including insulin resistance, impaired glucose metabolism, 
dyslipidemia and non-alcoholic fatty liver disease (NAFLD). Diets enriched with plant-derived polyphenols 
have shown promise in alleviating inflammation and promoting a metabolically healthier obesity phenotype. 
Crowberry, a polyphenol-rich wild berry native to the boreal forest zone, is particularly abundant in anthocy-
anins. Here, we investigated the effects of crowberry supplementation on low-grade inflammation and meta-
bolic disturbances in a mouse model of diet-induced obesity.
Design: Mice were fed for 12 weeks with low-fat or high-fat diet (10% or 46 % energy from fat, respectively), or with 
high-fat diet supplemented with crowberry powder. To ensure comparability, protein and micronutrient contents were 
standardized across all diets, and the two high-fat diets were matched for fat, carbohydrate, and fiber composition.
Results: Crowberry supplementation markedly suppressed the high-fat diet-induced elevations in serum amy-
loid A (SAA) and alanine aminotransferase (ALT), markers of systemic and hepatic inflammation, respec-
tively. Additionally, crowberry supplemented diet attenuated the expression of multiple pro-inflammatory 
genes both in the liver and visceral adipose tissue. Overall body weight and visceral fat gain were not altered 
by crowberry suggesting direct health-promoting effects by crowberry constituent.
Conclusions: These findings demonstrate that crowberry supplementation can effectively counteract high-fat 
diet-induced systemic and hepatic inflammation in experimental obesity, supporting its use as a part of a 
healthy diet. Clinical studies are needed to assess the translation of these findings to humans and the role of 
crowberries in dietary strategies combating obesity and its comorbidities.
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Popular scientific summary
•	 �Polyphenol-rich diet has been reported to attenuate low-grade inflammation and shift obesity 

towards a metabolically healthier phenotype.
•	 Crowberry is a polyphenol-rich, under-researched wild berry grown in boreal forest zone.
•	 In the present study, crowberry alleviated low-grade inflammation without affecting weight gain 

in diet-induced experimental obesity.
•	 High-fat diet-induced adverse changes in gene expression were prevented in the liver and adipose 

tissue.
•	 Crowberry supplementation may promote a healthier obesity phenotype as a part of balanced 

diet.
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The prevalence of obesity and its comorbidi-
ties have increased significantly during the last 
decades. According to the WHO statistics, adult 

obesity has doubled, and childhood obesity has quadru-
pled since 1990. WHO estimates that 2.5 billion adults 
were overweight (body mass index [BMI] > 25 kg/m2) and  
890 million of them were obese (BMI > 30 kg/m2) in 
2022 (1). The growing prevalence of obesity is the result 
of changing lifestyle, which has led to an increase in 
obesogenic diets and a decrease in physical activity. 
Higher-than-optimal BMI is related to low-level systemic 
inflammation and metabolic dysregulation due to exces-
sive adipose tissue. These inflammatory and metabolic 
changes may contribute to the development of obesity 
-related conditions such as insulin resistance, impaired 
glucose metabolism, hypertension, dyslipidemia, coro-
nary heart disease and non-alcoholic fatty liver disease 
(NAFLD) (2, 3).

Adipose tissue functions as an endocrine and met-
abolic organ, secreting adipokines and cytokines and 
participating in glucocorticoid and steroid metabolism. 
Excessive lipid accumulation leads to metabolic, hypoxic 
and inflammatory changes in the adipose tissue, causing 
systemic low-grade inflammation. Systemic inflammation 
affects the regulation of nutrient metabolism in adipose 
tissue as well as in liver, pancreas, and muscle tissue, thus 
contributing to insulin resistance. In systemic low-grade 
inflammation, circulating concentrations of biomarkers 
such as serum amyloid A (SAA) rise. SAA further pro-
motes the development of insulin resistance and increased 
SAA concentrations have also been associated with ele-
vated cardiovascular disease risk (4, 5).

The treatment and prevention of obesity and its 
comorbidities are based on weight loss, physical activity, 
and healthy diet (2). Importantly, the risk of obesity- 
related diseases can also be reduced by alleviating systemic 
low-grade inflammation even without noticeable weight 
loss (4). It has been reported that a subset of individuals 
with obesity maintain insulin sensitivity, do not develop 
features of metabolic syndrome, and exhibit little or no 
adipose tissue inflammation. This is defined as a meta-
bolically healthy obesity (MHO). Individuals with MHO 
are at a lower risk of developing type 2 diabetes (T2D) 
and hepatic inflammation than those with metabolically 
unhealthy obesity (MUHO). Therefore, interventions that 
promote a shift from MUHO phenotype toward MHO 
may help to reduce the adverse health consequences of 
obesity (4).

Diet has a major impact on the prevention and man-
agement of obesity and its comorbidities (2). Vegetables 
and berries rich in polyphenols, particularly anthocyanins 
and proanthocyanidins, are known to have antioxidant 
and anti-inflammatory properties (6). A diet abundant 
in plant-derived polyphenols has been shown to reduce 

low-grade inflammation and promote a metabolically 
healthier phenotype in obesity (7, 8). In previous studies, 
berries rich in polyphenolic compounds such as bilberries 
(Vaccinium myrtillus L.) and lingonberries (Vaccinium 
vitis-idaea L.) were found to support healthier inflamma-
tory and metabolic state in obesity (9–13).

Crowberry (Empetrum nigrum subsp. hermaphroditum) 
is a high-yielding, underutilized wild berry that grows in 
the boreal forest zone. Beyond compositional analyses, 
relatively little is known about the biological effects of 
crowberry, particularly those of its tetraploid subspecies 
(Empetrum nigrum subsp. hermaphroditum), which grows 
farther north than the other subspecies. In previous stud-
ies, crowberry subsp. hermaphroditum has been reported 
to have antimicrobial and subsp. japonicum anticancer 
and anti-inflammatory properties in vitro and/or in vivo 
(14, 15). The composition of the crowberry has similari-
ties with the more widely studied bilberry, which suggests 
that it may have similar biological effects than bilberry. 
Notably, crowberry, particularly its northern tetraploid 
subspecies (Empetrum nigrum subsp. hermaphroditum) 
contains significantly higher amounts of anthocyanins 
than bilberries. Anthocyanins are polyphenolic com-
pounds that previous studies have suggested to largely 
contribute to the health benefits of berries (16–20).

In this study, we supplemented high-fat diet with 
crowberry powder and investigated its effects on obesity- 
associated inflammatory and metabolic adverse effects in 
an experimental mouse model. The results demonstrated 
that crowberry supplement mitigated obesity-related low-
grade inflammation, particularly in the liver, without sig-
nificantly affecting weight gain.

Materials and methods

Animals and study design
Eight-week-old male C57BL/6N mice were divided into 
three groups of 12 animals and maintained for 12 weeks 
on either high-fat (HF) or low-fat (LF) diet (46 and 10% 
energy from fat, respectively) or on HF diet supplemented 
with 20% (w/w) of air-dried crowberry powder. The 20% 
(w/w) dose of crowberry powder was selected based on 
widely used experimental protocols to allow comparison 
with previous studies (10, 12). Body weight and feed con-
sumption of the mice were recorded weekly, and at the 
conclusion of the experiment, tissue and blood samples 
were harvested for later analysis. Throughout the study, 
the animals (two mice per cage) were housed under stan-
dard conditions in the preclinical research facilities of 
Tampere University (temperature 22 ± 1°C, 12 h light/
dark cycle, 50–60% humidity). Mice had ad libitum access 
to food and water.

Feed pellets were customized to take into consideration 
the nutrient composition of crowberry powder as shown 
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in Tables 1 and 2  (Research Diets, Inc., New Brunswick, 
NJ, USA). The protein, trace element, and vitamin con-
tents of all feeds were in line with each other. In addition, 
the HF diets were matched in terms of carbohydrate, fat, 
and fiber content. Crowberry (Empetrum nigrum subsp. 
hermaphroditum) powder was made from Finnish crow-
berries. To produce 100 g of air-dried powder, approxi-
mately 900 g of fresh crowberries were used (Kiantama 
Oy, Suomussalmi, Finland).

The study (license no. ESAVI/984/04.10.07/2018) was 
authorized by the National Animal Experimental Board, 
and the experiments were conducted in accordance with 
EU legal regulations (Directive 2010/63/EU).

Intraperitoneal glucose tolerance test
An intraperitoneal glucose tolerance test (IPGTT) was 
performed 1 week before the end of the study (at the week 

11). In the morning, the mice underwent a 6-h fasting 
period, after which fasting blood glucose was measured 
from the peripheral tail vein using a Contour Next One 
glucometer (Oy Diabet Ab, Lemu, Finland). Thereafter, 
the mice were dosed intraperitoneally with sterile glu-
cose dissolved in phosphate-buffered saline (2 g/kg body 
weight; Sigma-Aldrich, St. Louis, MO, USA), and blood 
glucose levels were determined at 30, 60, 90, 120, and 180 
min following the glucose injection.

Blood samples and analyses
Upon completion of the study, the mice were fasted for 
6 h (morning fast), and blood glucose levels were deter-
mined from the peripheral tail vein. Subsequently, blood 
was collected via cardiac puncture under isoflurane anes-
thesia, and tissue samples (liver and epididymal fat) were 
collected. Blood samples were incubated for 45 min at r.t. 

Table 1.  The macronutrient composition of the experimental diets

Nutrients Low-fat diet (LF) High-fat diet (HF) Crowberry supplemented  
high-fat diet (HF + CRB)

Calculated energy kcal kcal % kcal kcal % kcal kcal %

Protein 178 kcal 18 179 kcal 18 179 kcal 18

Carbohydrate 720 kcal 72 361 kcal 36 361 kcal 36

Fat 102 kcal 10 460 kcal 46 460 kcal 46

Total energy 1,000 kcal 100 1,000 kcal 100 1,000 kcal 100

Calculated energy per gram of diet 
(kcal/g)

3.6 kcal/g 4.4 kcal/g 4.4 kcal/g

Table 2.  Ingredients (g/1,000 g) of the experimental diets

Ingredients (g/1,000 g) Low-fat diet (LF) High-fat diet (HF) Crowberry supplemented high-fat diet (HF + CRB) 
(CRB 200 g/1,000 g)

Crowberry powder (g) 0 0 200

Casein (protein) (g) 182 222 210	 (+12 from CRB), total 222

L-Cystine (g) 2.7 3.3 3.3

Corn starch (g) 389 81 51	 (+30 from CRB), total 81

Maltodextrin 10 (g) 91 111 110	 (+1 from CRB), total 111

Glucose (g) 79 96 76	 (+20 from CRB), total 96

Fructose (g) 79 96 75	 (+21 from CRB), total 96

Sucrose (g) 0.6 0.7 0.1	 (+0.6 from CRB), total 0.7

Cellulose (insoluble fiber) (g) 81 98 0	 (+98 from CRB), total 98

Inulin (soluble fiber) (g) 3.6 4.3 4.3

Soybean oil (g) 23 28 8	 (+20 from CRB), total 28

Lard (g) 18 200 200

Mineral mix S10026 (g) 9 11 11

Vitamin mix V10001 (g) 9 11 11

DiCalcium phosphate (g) 12 14 14

Potassium citrate (g) 15 18 18

Calcium carbonate (g) 5 6 6

Choline bitartrate (g) 1.8 2.2 2.2
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before serum was separated by centrifugation and stored 
at –80°C until analyzed.

Serum alanine aminotransferase (ALT) activity and 
triglyceride and cholesterol concentrations were deter-
mined by fluorometric assays (Abcam, Cambridge, UK). 
Serum concentrations of insulin (Mercodia Ltd., Uppsala, 
Sweden), as well as those of SAA, adipsin, adiponectin, 
leptin and resistin (R&D Systems Europe Ltd., Abingdon, 
UK), were measured using enzyme immunoassays.

RNA extraction and qRT-PCR
Liver tissue samples (25–30 mg) were homogenized with 
Precellys homogenizer (Bertin Technologies, Montigny-le 
-Bretonneux, France), and RNA was extracted with 
GeneElute RNA extraction kit (Sigma-Aldrich, St. Louis, 
MO, USA). Epididymal fat tissue samples (80–120 mg)  
were lysed in QIAzol reagent (Qiagen Inc., Hilden, 
Germany), and RNeasy Lipid Tissue Kit was used in 
RNA extraction (Qiagen). Both RNA extraction proce-
dures included on-column DNase digestion.

RNA was reverse transcribed into complementary 
DNA (cDNA) using the Maxima First Strand cDNA 
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, 
USA). Polymerase chain reaction (PCR) was carried out 
as described previously (10). In-house primers and probes 
were obtained from Metabion (Martinsried, Germany) for 
the housekeeping gene glyceraldehyde 3-phosphate dehy-
drogenase (Gapdh) (10, 21). TaqMan Gene Expression 
assays (Thermo Fisher Scientific) were used to analyze the 
genes of interest, as listed in Table 3.

Statistics
The data are expressed as mean ± standard error of the 
mean (SEM). Tukey’s IQR method (22) was used to iden-
tify possible outliers. When calculating the IPGTT results, 
the area under the curve (AUC) was determined using the 
trapezoidal method in GraphPad Prism 9 software (Graph 
Pad Software, San Diego, USA). The baseline was defined 
by the fasting glucose level of the LF group, and AUC was 
calculated in the range of 0–180 min. HOMA-IR (homeo-
static model assessment for insulin resistance) values were 
calculated as previously described (19). The calculations 
followed a previously described model (23), where fasting 
plasma insulin (mU/L; conversion factor from (24)) was 
multiplied by fasting plasma glucose (mmol/L) and the 
result was divided by the constant 22.5. )

Statistical analyses were performed using one-way and 
two-way analyses of variance (ANOVA), followed by 
Bonferroni’s post hoc test for multiple comparisons. A 
P-value below 0.05 was considered statistically significant. 
Significance levels were indicated as follows: *P < 0.05; 
**P < 0.01; ***P < 0.001. GraphPad Prism 9 was used for 
both statistical analysis and graph generation.

Results

Weight gain and feed consumption
Mice were fed for 12 weeks with low-fat diet (LF diet, 
10% of energy from fat), high-fat diet (HF diet, 46% of 
energy from fat), or with crowberry powder supplemented 
HF diet (HF + CRB diet). HF diet significantly increased 
body weight and visceral fat gain (P < 0.001, compared to 
LF diet), but they were not affected by crowberry supple-
mentation (Fig. 1A–C).

Feed consumption (kcal / mouse body weight) was mea-
sured weekly (Fig. 1D). The high-fat diet groups (HF diet 
and HF + CRB diet) did not differ in feed consumption 
during the study in weekly measurements. No differences 
in cumulative feed consumption were found between the 
groups (Fig. 1D).

SAA and ALT
SAA is a widely used biomarker of low-grade systemic 
inflammation in experimental obesity. SAA levels increased 
significantly in the HF diet group compared to the LF 
diet group (P < 0.01), being 717 ± 32 ng/mL in the HF 
diet group and 496 ± 62 ng/mL in the LF diet group. The 
SAA levels in the HF + CRB diet group (312 ± 31 ng/
mL) were significantly lower than those in the HF diet 
group (P < 0.001), indicating that crowberry supplemen-
tation prevented the HF diet-induced increase in SAA  
levels and systemic inflammation (Fig. 2A).

Serum concentration of ALT is a commonly used bio-
marker of hepatic inflammation and injury. High-fat diet 
induced a meaningful increase in circulating ALT levels 

Table 3.  TaqMan gene expression assays used in the study

Gene Abbr. Assay ID

Adiponectin Adipoq Mm00456425_m1

Adipsin Cfd/Adn Mm01143935_g1

Chemokine (C-X-C motif) 
ligand 14

Cxcl14 Mm00444699_m1

Cytochrome P450, family 3,  
subfamily a, polypeptide 11

Cyp3a11 Mm00731567_m1

Insulin like growth factor 
binding protein 2

Igfbp2 Mm00492632_m1

Leptin Lep Mm00434759_m1

Leptin receptor Lepr Mm00440181_m1

Mannose receptor C type 2 Mrc2 Mm00485184_m1

Metallothionein 1 Mt1 Mm00496660_g1

Monocyte chemoattractant 
protein 1

Mcp1 Mm00441242_m1

Resistin Retn Mm00445641_m1

S100 calcium-binding protein A8 S100a8 Mm00496696_g1

S100 calcium-binding protein A10 S100a10 Mm00501458_g1

Serum amyloid A1 Saa1 Mm00656927_g1

Serum amyloid A2 Saa2 Mm04208126_mH

Serum amyloid A3 Saa3 Mm00441203_m1
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compared to the LF diet (P < 0.01), being 9.90 ± 0.75 mU/
mL in the HF diet group and 7.11 ± 0.58 mU/mL in the 
LF diet group. Crowberry supplementation completely 
prevented the HF diet-induced increase in ALT levels  
(P < 0.01), being 6.80 ± 0.33 mU/mL; no statistically sig-
nificant difference in ALT levels were seen between the 
LF and HF + CRB diet groups (Fig. 2B). These results 
indicate that crowberry supplementation has a preventive 
effect on the HF diet-induced increase in circulating ALT 
enzyme levels and may reduce liver inflammation and 
injury associated with HF diet.

Gene expression in the liver
High-fat diet is known to induce changes in gene expres-
sion in the liver (21). As illustrated in Fig. 3, the HF diet 
increased the expression of the inflammatory genes Saa1, 
Saa2, Mcp-1, Cxcl14 and S100a10 in a statistically sig-
nificant manner compared to the LF diet (P < 0.05 for 
all the above). Crowberry supplementation to the HF diet 
prevented the increase in the expression of Saa1, Saa2, 
Mcp-1 and Cxcl14 in a statistically significant manner, 
and their expressions in the HF + CRB diet group did not 
differ from that in the LF diet group. The HF + CRB diet 

Fig. 1.  Weight gain (A) and cumulative weight gain (B) during the study, epididymal adipose tissue mass at study endpoint (C) 
and cumulative feed consumption (D). The mice received a low-fat diet (LF, 10% energy from fat, green), high-fat diet (HF, 
46% energy from fat, yellow) or high-fat diet supplemented with crowberry (HF + CRB, blue). Weight and feed consump-
tion were measured weekly. Significant differences in mean weight compared to the high-fat group are marked with asterisks  
*P < 0.05, **P < 0.01, and ***P < 0.001. Values are presented as mean ± standard error of the mean (SEM), with n = 12 mice 
per group. Statistical analyses were performed using one-way analyses of variance (ANOVA) (B–D) and repeated measures two-
way ANOVA (A), both with Bonferroni post hoc correction.
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showed a trend toward moderating S100a10 expression  
(P = 0.086), but the difference between HF and HF + 
CRB groups did not reach statistical significance.

In addition, we measured the hepatic expression of 
insulin sensitivity-protecting Igfbp2 (insulin growth 
factor binding protein 2), leptin receptor (Lepr) and 
Cyp3a11 (cytochrome P450 (CYPs), family 3, subfamily 
a, polypeptide 11), which is involved e.g. in lipid metab-
olism. High-fat diet had a minor if  any effect on Igfbp2 
expression, but its expression was significantly increased 
by crowberry supplementation (P < 0.05). High-fat diet 
decreased the expression of  Lepr compared to the LF 
diet (P < 0.001) and that was not affected by crowberry 
supplementation. Cyp3a11 expression decreased in the 
HF diet group compared to LF diet group (P < 0.001) 
and a significant increase was seen in the HF + CRB 
group (P < 0.001).

Gene expression in the visceral adipose tissue and adipokines
High-fat diet is known to cause adverse metabolic and 
inflammatory changes in the adipose tissue. As shown 
in Fig. 4, the HF diet increased the expression of Saa3  
(P < 0.001), Mcp-1 (P < 0.001), Cxcl14 (P < 0.01), S100a8 
(P < 0.001) and Mt1 (P < 0.001) in a statistically signif-
icant manner compared to the LF diet. In addition, the 
HF diet showed an increasing trend in Mrc2 gene expres-
sion (P = 0.0632), but the difference to the LF diet did 
not reach statistical significance. Crowberry supplementa-
tion to the HF diet prevented the increase in Saa3, Mcp-1 
and Mt1 expression compared to the control HF diet 
(P < 0.05 for all the above), and Saa3 expression did not 

differ from the LF group. In addition, the HF + CRB diet 
group showed a decreasing trend in Cxcl14 (P = 0.0812) 
expression, but the difference to the HF diet did not reach 
statistical significance.

Adipokines are, by definition, factors secreted by adi-
pose tissue to regulate appetite and energy metabolism. 
In addition, they are known to be produced by hepatic 
and some other tissues and to be involved in inflamma-
tory responses. As shown in Table 4, leptin levels in serum 
increased (P < 0.001), and adiponectin levels decreased  
(P < 0.05) in a statistically significant manner in the HF 
diet group compared to the LF diet group.

The crowberry-supplemented HF diet group had a 
higher adiponectin but a lower leptin level than the HF 
group (Table 4), but the differences were not statistically 
significant. High-fat diet decreased serum adipsin levels 
compared to the LF diet (P = 0.001) and that was sig-
nificantly moderated by crowberry supplementation  
(P < 0.05). Serum resistin levels did not differ between the 
groups.

Lipids and glucose metabolism
High-fat diet enhanced cholesterol levels in a statistically 
significant manner (P < 0.01), being 2.62 ± 0.07 mmol/L 
in the HF group and 2.03 ± 0.16 mmol/L in the LF group 
(Fig. 5A). Crowberry supplementation had no effect 
on cholesterol levels. There were no statistically signifi-
cant differences in triglyceride levels between the groups 
(Fig. 5B).

At week 11 of the 12-week study, an IPGTT was carried 
out as a measure of glucose metabolism. In the IPGTT, 

Fig. 2.  The circulating levels of serum amyloid A (SAA) (A) and serum alanine aminotransferase (ALT) activity (B) in mice, 
measured using an enzyme-linked immunosorbent assay (A) and a fluorometric assay (B) from serum at study endpoint. The 
mice were assigned to one of three dietary groups: a low-fat diet (LF, 10% energy from fat, green), high-fat diet (HF, 46% energy 
from fat, yellow) or high-fat diet supplemented with crowberry (HF + CRB, blue). Statistically significant differences in mean 
weight compared to the high-fat group are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant. 
Values are presented as mean + standard error of the mean (SEM), with n = 11–12 mice per group. Statistical analyses were 
conducted using one-way analysis of variance (ANOVA), followed by Bonferroni post hoc correction.
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there were no differences between the groups in the fasting 
glucose levels at the onset of the test. At the remaining 
time points, both the HF group and the HF + CRB group 
had statistically significantly higher blood glucose levels 
than the LF diet group (Fig. 6A). In the HF diet groups, 
blood glucose levels spiked higher after glucose admin-
istration than in the LF diet group and returned more 
slowly to baseline than in the LF group. There was no 

statistically significant difference between the HF group 
and the HF + CRB group at any time point. The AUC 
method gave similar results, with the HF group having a 
significantly higher AUC compared to the LF diet group 
(P < 0.001). Crowberry supplementation to the HF diet 
had no effect on the AUC.

Fasting blood glucose was also measured at week 12, 
when the mice were terminated. At the end of the study 

Fig. 3.  Gene expression in the liver analyzed by quantitative reverse transcription polymerase chain reaction (RT-PCR). The 
mice were assigned to one of three dietary groups: a low-fat diet (LF, 10% energy from fat, green), high-fat diet (HF, 46% energy 
from fat, yellow) or high-fat diet supplemented with crowberry (HF + CRB, blue). The expression data from RT-PCR were 
normalized to the housekeeping gene (Gapdh). Expression levels are presented as fold changes, with the LF group set as the 
reference (set to 1). Statistically significant differences are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001. Values 
are presented as mean + standard error of the mean (SEM), with n = 11–12 mice per group. Statistical analyses were conducted 
using one-way analysis of variance (ANOVA), followed by Bonferroni post hoc correction. Gapdh = Glyceraldehyde 3-phosphate 
dehydrogenase, Saa1 = Serum amyloid A1, Saa2 = Serum amyloid A2, Mcp-1 = Monocyte chemoattractant protein 1, Cxcl14 = 
Chemokine (C-X-C motif) ligand 14, S100a10 = S100 calcium-binding protein A10, Igfbp2 = Insulin-like growth factor binding 
protein 2, Lepr = Leptin receptor, Cyp3a11 = Cytochrome P450, family 3, subfamily a, polypeptide 11.
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the HF diet had higher fasting blood glucose levels (P < 
0.05) compared to the LF diet, being 9.54 ± 0.23 mmol/L 
in the HF diet group and 8.31 ± 0.35 mmol/L in the LF 
diet group (Fig. 6B). Crowberry supplementation to the 
HF diet had no effect on the fasting blood glucose levels.

The HF diet significantly increased insulin levels  
(P < 0.01) compared to the LF diet, being 116.70 ± 15.82 
pmol/L in the HF diet group and 64.03 ± 8.13 pmol/L 

in the LF diet group. Mean insulin levels in the HF + 
CRB diet group were lower (98.15 ± 10.48 pmol/L) than 
those in the HF diet group, but the difference was not 
statistically significant (Fig. 6C). Correspondingly, the 
HOMA-IR index was significantly higher (P < 0.01) in 
the HF diet group (8.11 ± 0.99) than in the LF diet group 
(3.85 ± 0.51). The crowberry-supplemented HF diet group 
had somewhat lower HOMA-IR levels (7.36 ± 1.01) than 

Fig. 4.  Gene expression in epididymal adipose tissue analyzed by quantitative reverse transcription polymerase chain reaction 
(RT-PCR). The mice were assigned to one of three dietary groups: a low-fat diet (LF, 10% energy from fat, green), high-fat diet (HF, 
46% energy from fat, yellow) or high-fat diet supplemented with crowberry (HF + CRB, blue). The expression data from RT–PCR 
were normalized to the housekeeping gene (Gapdh). Expression levels are presented as fold changes, with the LF group set as the refer-
ence (set to 1). Statistically significant differences are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001. Values are presented 
as mean + standard error of the mean (SEM), with n = 10–12 mice per group. Statistical analyses were conducted using one-way  
analysis of variance (ANOVA), followed by Bonferroni post hoc correction. Gapdh = Glyceraldehyde 3-phosphate dehydrogenase,  
Saa3 = Serum amyloid A3, Mcp-1 = Monocyte chemoattractant protein 1, Cxcl14 = Chemokine (C-X-C motif) ligand 14, 
S100a8 = S100 calcium-binding protein A8, Mt1 = Metallothionein 1, Mrc2 = Mannose receptor C type 2.
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the HF diet group, but the difference was not statistically 
significant (Fig. 6D).

Discussion
The effects of air-dried crowberry (Empetrum nigrum 
subsp. hermaphroditum) powder on HF diet-induced 
inflammatory and metabolic changes were investigated in 
a mouse model of experimental obesity. Crowberry sup-
plementation prevented the HF diet-induced increases 
in the circulating levels of the inflammatory biomarkers 
SAA and ALT, as well as the expression of inflammation 
-related genes in epididymal adipose tissue and liver. 
These findings suggest that crowberry supplementation 
attenuated systemic and hepatic inflammation associated 
with HF diet-induced obesity. There was no difference in 
weight gain or energy intake between the HF diet groups. 
Therefore, the observed differences are most likely due to 
crowberry supplementation in the diet and not, for exam-
ple, to less severe obesity. Thus, the crowberry supplemen-
tation in the diet seems to be able to shift obesity toward a 
healthier phenotype, which is associated with reduced risk 
of comorbidities in obesity (4).

Obesity is associated with systemic low-grade inflam-
mation, which contributes to the metabolic comorbidities 
associated with obesity. SAA was used in this study as a 
marker of systemic inflammation. In experimental mouse 
models, SAA is widely used instead of C-reactive protein 
(CRP), which is the most commonly used inflammatory 
biomarker in humans; because CRP is not a major acute-
phase protein in mice and its synthesis is low (10, 13, 25). 
Four subtypes of SAA (SAA1-4) have been identified, of 
which SAA1-3 are increased in inflammation while SAA4 
is constitutively expressed. SAA1 and SAA2 are mainly 
produced in liver and SAA3 in adipose tissue (4, 26). 
In this study, circulating levels of SAA and its expres-
sion in liver (Saa1, Saa2) and epididymal adipose tissue 
(Saa3) increased significantly during the HF diet feeding, 
whereas crowberry supplementation totally prevented 
these changes. These results suggest that crowberry sup-
plementation prevents systemic inflammation induced by 
HF diet.

Obesity is associated with fat accumulation and inflam-
mation in the liver, which may develop into NAFLD or 
further into more severe liver disease NASH (non-alcoholic 

Table 4.  Serum adipokine levels of mice at the end of the study

Adipokine Low-fat diet (LF) High-fat diet (HF) Crowberry supplemented high-fat diet (HF + CRB)

Leptin (ng/mL) 8.21 ± 1.10 34.62 ± 2.13*** 26.57 ± 3.50

Adiponectin (µg/mL) 7.70 ± 0.66 5.89 ± 0.43* 6.80 ± 0.51

Adipsin (mg/mL) 9.60 ± 0.56 7.36 ± 0.24*** 8.86 ± 0.32#

Resistin (ng/mL) 16.53 ± 0.62 18.88 ± 1.07 18.10 ± 0.74

Serum adipokine consentrations were measured by ELISA. The results are presented as mean ± SEM; n = 11–12 mice per group. Statistical analysis was 
performed using one-way ANOVA with Bonferroni’s post-test. Mean values in the HF group that differ significantly from the LF group are indicated by 
*P < 0.05, and ***P < 0.001; mean value in the HF + CRB group that differs significantly from the HF group is indicated by #P < 0.05. SEM: standard error 
of the mean; ANOVA: analyses of variance; ELISA: enzyme-linked immunosorbent assay.

Fig. 5.  Cholesterol (A) and triglyceride (B) levels in mice measured using a fluorometric assay from serum at the study endpoint. 
The mice were assigned to one of three dietary groups: a low-fat diet (LF, 10% energy from fat, green), high-fat diet (HF, 46% 
energy from fat, yellow) or high-fat diet supplemented with crowberry (HF + CRB, blue). Statistically significant differences in 
mean weight compared to the high-fat group are indicated by asterisks: **P < 0.01. Values are presented as mean + standard 
error of the mean (SEM), with n = 11–12 mice per group. Statistical analyses were conducted using one-way analysis of variance 
(ANOVA), followed by Bonferroni post hoc correction.
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steatohepatitis) (27). Serum/plasma ALT is a widely used 
biomarker of liver inflammation and injury. In this study, 
ALT levels were increased in mice on HF diet and crow-
berry supplementation fully prevented the change. Insulin 
resistance and excessive intake of fats and energy may lead 
to a dysfunction in the lipid-energy metabolism in the liver 
(28, 29). Part of the accumulated excessive fat is metabo-
lized into toxic metabolites, leading to cellular stress and 

hepatocyte injury. The injured liver cells and activated 
Kupffer cells secrete proinflammatory cytokines and 
chemokines that accelerate inflammation and contribute to 
the development of fibrosis (28). Interestingly, a previous 
study showed, that four out of eight investigated berries, 
namely lingonberry, blackcurrant, bilberry and crowberry, 
decreased triglyceride and/or cholesterol accumulation in 
the liver in a mouse model of diet-induced obesity (12).

Fig. 6.  Intraperitoneal glucose tolerance test (IPGTT) (A) was performed at week 11 of  the 12-week study, and fasting blood 
glucose levels (B), insulin levels (C), and the homeostatic model assessment for insulin resistance index (HOMA-IR index) (D) 
were measured at the study endpoint. The mice were assigned to one of  three dietary groups: a low-fat diet (LF, 10% energy 
from fat, green), high-fat diet (HF, 46% energy from fat, yellow) or high-fat diet supplemented with crowberry (HF + CRB, 
blue). In the IPGTT mice received a glucose bolus, which was 2 mg/g. Blood glucose levels were measured at the indicated 
time points from the tip of  the tail (peripheral tail vein) using a Contour Next One meter (Oy Diabet Ab, Lemu, Finland) 
and insulin using an enzyme-linked immunosorbent assay from serum at study endpoint. Statistically significant differences 
in mean weight compared to the high-fat group are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001. Values are 
presented as mean + standard error of  the mean (SEM), with n = 10–12 mice per group. Statistical analyses were conducted 
using one-way analysis of  variance (ANOVA), followed by Bonferroni post hoc correction.
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In this study, we found that crowberry supplementa-
tion attenuated HF diet-induced hepatic upregulation 
of several inflammatory genes. Changes in the mRNA 
expression of Saa1, Saa2, Mcp-1 and Cxcl14 were com-
pletely prevented by crowberry supplementation in mouse 
liver. A beneficial effect was also seen in the expression of 
S100a10 and Igfbp2. These results indicate that crowberry 
supplementation to the HF diet can partially prevent the 
development of liver inflammation. In particular, the pre-
vention of increased expression of the chemokines Cxcl14 
and Mcp-1 likely reduces the recruitment of inflammatory 
cells to the liver, thereby alleviating the progression of 
the inflammatory process. Accordingly, Heyman-Lindén  
et al. have provided histological evidence demonstrating an 
increased accumulation of macrophages into the livers of 
HF diet-fed mice, which was attenuated in mice receiving 
lingonberries (13). Furthermore, the positive effect of crow-
berry supplementation on Igfbp2 gene expression observed 
in this study, may be relevant, as the Igfbp2 gene has been 
shown to play a protective role on insulin sensitivity (30).

Crowberry-containing diet was found to increase the 
expression of Cyp3a11 in mouse liver. CYP3A11 is part 
of the CYPs enzyme family, which is involved in the 
metabolism of lipids and fatty acids. CYP enzymes also 
contribute to the synthesis and degradation of fat-soluble 
vitamins and hormones and participate in the detoxifica-
tion of endogenous and exogenous compounds (31, 32). 
It has been shown that Cyp3a11 expression is reduced in 
liver inflammation (33, 34). Accordingly, we found that HF 
diet decreased Cyp3a11 expression while the HF + CRB 
diet had an increasing effect. Of note, mouse CYP3A11 
has functional similarities to CYP3A4, an important 
drug-metabolizing enzyme in humans (33). Further stud-
ies are needed to understand the metabolic consequences 
(if  any) of altered Cyp3a11 expression induced by HF diet 
and/or crowberry supplementation.

Visceral adipose tissue has high metabolic activity, and 
its excessive accumulation is connected to impaired glu-
cose metabolism and persistent low-level inflammation  
(4, 5). Epididymal adipose tissue has been generally used 
in mouse models of obesity as a tissue equivalent to vis-
ceral fat (10, 13, 35, 36). In this study, crowberry diet mod-
ulated gene expression not only in the liver but also in the 
epididymal adipose tissue. Crowberry supplementation 
completely prevented HF diet-induced increase in Saa3 
expression and significantly attenuated that in Mcp-1 and 
Mt1 expression. All these factors are involved in inflam-
mation. The role of SAA was discussed above. Monocyte 
chemoattractant protein-1 (MCP-1) stimulates monocyte 
and macrophage infiltration and disrupts glucose metab-
olism in adipose tissue (37). MT1 is involved in oxidative 
stress, which promotes inflammation in adipose tissue 
(38). In addition, crowberry tended to prevent the increas-
ing effect of HF diet on the expression of Cxcl14 and 

S100a8. In general, the effect of crowberry supplementa-
tion on adipose tissue gene expression seems to be stron-
ger than that of another anthocyanidin-rich wild berry, 
bilberry (10). As in many previous studies gene expression 
in adipose tissue and the liver was evaluated at the mRNA 
level, providing insight into the transcriptional effects of 
crowberry supplementation (10, 11, 36, 39). Further studies 
are needed to confirm the extent to which these changes 
are translated to the protein level.

Adipokines are bioactive factors secreted by adipose 
tissue and known to have inflammatory and regulatory 
effects (3, 37). In this study, leptin, adiponectin and adipsin 
concentrations were affected by HF diet. Crowberry sig-
nificantly prevented the changes in adipsin levels, while a 
trend toward attenuation was observed for leptin and adi-
ponectin levels. Interestingly, adipsin has been found to 
have a beta-cell protective effect and a moderating effect 
on hyperglycemia in a mouse model of T2D (40).

In this study, HF diet increased serum levels of cholesterol 
as expected and that was not affected by crowberry supple-
mentation. Crowberry seeds contain fatty acids that could 
be expected to influence cholesterol levels (41). However, 
no such effect was observed, which may be explained by the 
balanced fatty acid composition across the high-fat diets. 
It would therefore be interesting to examine the effect of 
crowberry seed oil on cholesterol levels. Triglyceride levels 
often rise in humans as a result of a HF diet, while in mice 
triglyceride levels are generally not affected by HF diet or 
may even decrease (42, 43). In this study, neither HF diet 
nor crowberry supplementation had any statistically signif-
icant effect on triglyceride levels.

In this study, crowberry supplementation to the HF 
diet had no effect on glucose metabolism except for an 
increase in the hepatic expression of the insulin sensitiv-
ity protective gene Igfbp2. High-fat diet increased insulin 
levels and impaired glucose tolerance in the IPGTT, but 
the effect was rather moderate compared to previous stud-
ies (10, 11, 19), and no effect of crowberry was found on 
these parameters.

Crowberry is rich in phenolic compounds, especially 
anthocyanins and their aglycosides, which are called as 
anthocyanidins (17, 18, 44). Anthocyanins are color pig-
ments formed in plants during the growing season, and 
they have been shown to have anti-inflammatory and anti-
oxidant effects in vivo and in vitro (6). The anthocyanin 
profile of crowberry (Empetrum nigrum subsp. hermaph-
roditum) has similarities to that of the better studied wild 
berry bilberry (Vaccinium myrtillus L.) (18). Both berries 
have been reported to contain 15 anthocyanin glycoside 
groups, the main ones being cyanidin, delphinidin, petuni-
din, peonidin and malvidin (45). However, crowberries 
have a higher total anthocyanin content and, accordingly, 
stronger antioxidant activity than bilberries and many 
other well-studied berries such as blueberries, cranberries, 
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blackberries, blackcurrants, redcurrants, mulberries, rasp-
berries, and strawberries (18). Crowberry also contains 
flavanols such as quercetin and kaempferol and flavan-3-
ols including epicatechin. In addition, crowberries harbor 
proanthocyanidins, although at significantly lower levels 
than lingonberries (46, 47). In a murine model of obe-
sity, both bilberry and lingonberry supplementations have 
been shown to have beneficial effects on glucose and lipid 
metabolism, systemic inflammation and liver tissue inflam-
mation, with lingonberry also shown to limit body weight 
and visceral fat gain (10, 11, 19, 21). The differences in 
the observed effects between berries in obesity models are 
most likely due to differences in their polyphenol contents.

Anthocyanins have been shown to have anti-inflamma-
tory effects through several cellular mechanisms (48). They 
have been reported to inhibit TLR4 expression (49) as 
well as the activation of the NF-κB (50) and MAP-kinase 
signaling pathways (51), thereby reducing the production 
of proinflammatory cytokines, eicosanoids, reactive oxy-
gen species (ROS) and nitric oxide (NO) (48). In addition, 
anthocyanins cyanidin, delphinidin and malvidin have 
been shown to attenuate oxidative stress (52), fibrosis-re-
lated responses (53), hepatic lipid accumulation (54), and 
insulin resistance (55, 56), as well as to support intestinal 
barrier function and gut microbial balance (57, 58). These 
mechanisms may well explain, at least partly, the anti-in-
flammatory effects of crowberry seen in this study.

Relatively little research on crowberry exists beyond 
compositional analyses, and the studies do not always 
report which subspecies have been used. In vitro studies 
have shown that crowberry extract inhibits 15-lipoxygen-
ase and xanthine oxidase, enzymes involved in ROS pro-
duction, and stimulates glucose uptake in cultured human 
liver cells (59). In addition, crowberry juice and its derived 
compounds have been shown to inhibit bacterial adher-
ence (14, 60–62). Crowberry extract has also demon-
strated wound-healing properties, anti-angiogenic activity 
in vitro and in vivo, and inhibitory effects on cancer cell 
proliferation and migration via Akt and DEK signaling in 
a xenograft model (15, 63, 64). Previous study by Heyman 
et al. screened eight berry species, including crowberry, 
for their effects on body weight and metabolic abnor-
malities in diet-induced experimental obesity. In line with 
our findings, crowberry supplementation had no effect on 
weight gain or plasma glucose, insulin or lipid levels, but it 
reduced cholesterol accumulation in the liver (12).

This study extends previous findings by demonstrating 
that crowberry, more specifically its northern tetraploid 
subspecies Empetrum nigrum subsp. hermaphroditum, can 
counteract HF diet-induced systemic and hepatic inflam-
mation in experimental obesity, but further studies are 
needed to evaluate the translatability of these findings 
to human health. Notably, this study suggests that crow-
berry supplementation may promote a healthier obesity 

phenotype through beneficially modulating inflammatory 
pathways. These findings provide a rationale for further 
investigating the potential role of crowberry, a berry 
abundant in boreal forests across northern regions, as part 
of a healthy diet.

Conclusions
In conclusion, these findings show that crowberry sup-
plementation attenuated the development of systemic 
and hepatic inflammation in HF diet-induced experimen-
tal obesity without affecting body weight or visceral fat 
gain. The findings suggest that crowberry supplementa-
tion may promote a healthier obesity phenotype as a part 
of balanced diet. Clinical studies are needed to assess the 
translation of these findings to humans and the role of 
crowberries in dietary strategies combating obesity and its 
comorbidities.

Ethics approval
The study (permission no. ESAVI/984/04.10.07/2018) was 
approved by the National Animal Experimental Board 
and the experiments were performed in compliance with 
EU legislation (Directive 2010/63/EU).

Acknowledgments
We acknowledge Kiantama Oy, Suomussalmi, Finland 
for providing the crowberry powder. We warmly thank 
Salla Hietakangas and Meiju Kukkonen for their profes-
sional technical support in the laboratory experiments. 
This project was supported by the European Regional 
Development Fund (ERDF), grant number A76028, and 
by the Finnish Cultural Foundation.

Conflict of interest and funding
Riitta Ryyti is an employee of Kiantama Ltd., which pro-
vided the crowberry powder material for this study. She 
confirms that her position has not altered her adherence 
to the policies of Food & Nutrition Research. She and 
the other authors have not declared any other competing 
interests.

References

	 1.	 WHO. Obesity and overweight. 2025. Available from: https://
www.who.int/news-room/fact-sheets/detail/obesity-and-over-
weight [cited 2 July 2026].

	 2.	 Hruby A, Hu FB. The epidemiology of obesity: a big pic-
ture. Pharmaco Economics 2015; 33(7): 673–89. doi: 10.1007/
s40273-014-0243-x

	 3.	 Jung U, Choi MS. Obesity and its metabolic complications: the role 
of Adipokines and the relationship between obesity, inflamma-
tion, insulin resistance, dyslipidemia and nonalcoholic fatty liver 
disease. IJMS 2014; 15(4): 6184–223. doi: 10.3390/ijms15046184

	 4.	 Chait A, den Hartigh LJ. Adipose tissue distribution, inflam-
mation and its metabolic consequences, including diabetes and 
cardiovascular disease. Front Cardiovasc Med 2020; 7: 22. doi: 
10.3389/fcvm.2020.00022

http://dx.doi.org/10.29219/fnr.v70.14418
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://doi.org/10.1007/s40273-014-0243-x
https://doi.org/10.1007/s40273-014-0243-x
https://doi.org/10.3390/ijms15046184
https://doi.org/10.3389/fcvm.2020.00022


Citation: Food & Nutrition Research 2026, 70: 14418 - http://dx.doi.org/10.29219/fnr.v70.14418 13
(page number not for citation purpose)

Crowberry prevents obesity-related inflammation

	 5.	 Kershaw EE, Flier JS. Adipose tissue as an endocrine organ. 
J Clin Endocrinol Metab 2004; 89(6): 2548–56. doi: 10.1210/
jc.2004-0395

	 6.	 Maleki SJ, Crespo JF, Cabanillas B. Anti-inflammatory effects 
of flavonoids. Food Chem 2019; 299: 125124. doi: 10.1016/j.
foodchem.2019.125124

	 7.	 Barrea L, Verde L, Simancas-Racines D, Zambrano AK, Frias-
Toral E, Colao A, et al. Adherence to the Mediterranean diet as 
a possible additional tool to be used for screening the metabol-
ically unhealthy obesity (MUO) phenotype. J Transl Med 2023; 
21(1): 675. doi: 10.1186/s12967-023-04546-0

	 8.	 Hidalgo-Lozada GM, Villarruel-López A, Nuño K, García-García 
A, Sánchez-Nuño YA, Ramos-García CO. Clinically effective 
molecules of natural origin for obesity prevention or treatment. 
Int J Mol Sci 2024; 25(5): 2671. doi: 10.3390/ijms25052671

	 9.	 Kolehmainen M, Mykkänen O, Kirjavainen PV, Leppänen T, 
Moilanen E, Adriaens M, et al. Bilberries reduce low-grade inflam-
mation in individuals with features of metabolic syndrome. Mol 
Nutr Food Res 2012; 56(10): 1501–10. doi: 10.1002/mnfr.201200195

10.	 Pemmari T, Hämäläinen M, Ryyti R, Peltola R, Moilanen E. 
Dried bilberry (Vaccinium myrtillus L.) alleviates the inflam-
mation and adverse metabolic effects caused by a high-fat diet 
in a mouse model of obesity. Int J Mol Sci 2022; 23(19): 19.  
doi: 10.3390/ijms231911021

11.	 Ryyti R, Hämäläinen M, Peltola R, Moilanen E. Beneficial 
effects of lingonberry (Vaccinium vitis-idaea L.) supplementa-
tion on metabolic and inflammatory adverse effects induced by 
high-fat diet in a mouse model of obesity. PLoS One 2020; 15(5): 
e0232605. doi: 10.1371/journal.pone.0232605

12.	 Heyman L, Axling U, Blanco N, Sterner O, Holm C, Berger K. 
Evaluation of beneficial metabolic effects of berries in high-
fat fed C57BL/6J mice. J Nutr Metab 2014; 2014: 403041. doi: 
10.1155/2014/403041

13.	 Heyman-Lindén L, Kotowska D, Sand E, Bjursell M, Plaza M, 
Turner C, et al. Lingonberries alter the gut microbiota and pre-
vent low-grade inflammation in high-fat diet fed mice. Food 
Nutr Res 2016; 60(1): 29993. doi: 10.3402/fnr.v60.29993

14.	 Toivanen M, Huttunen S, Lapinjoki S, Tikkanen-Kaukanen C. 
Inhibition of adhesion of Neisseria meningitidis to human epi-
thelial cells by berry juice polyphenolic fractions. Phytother Res 
2011; 25(6): 828–32. doi: 10.1002/ptr.3349

15.	 Wang X, Zhou X, Zhang L, Zhang X, Yang C, Piao Y, et al. 
Crowberry inhibits cell proliferation and migration through a 
molecular mechanism that includes inhibition of DEK and Akt 
signaling in cholangiocarcinoma. Chin Med 2022; 17(1): 69. doi: 
10.1186/s13020-022-00623-6

16.	 Fallah AA, Sarmast E, Fatehi P, Jafari T. Impact of dietary 
anthocyanins on systemic and vascular inflammation: system-
atic review and meta-analysis on randomised clinical trials. Food 
Chem Toxicol 2020; 135: 110922. doi: 10.1016/j.fct.2019.110922

17.	 Jurikova T, Mlcek J, Skrovankova S, Balla S, Sochor J, Baron M, 
et al. Black crowberry (Empetrum nigrum L.) flavonoids and 
their health promoting activity. Molecules 2016; 21(12): 1685. 
doi: 10.3390/molecules21121685

18.	 Ogawa K, Sakakibara H, Iwata R, Ishii T, Sato T, Goda T, et al. 
Anthocyanin composition and antioxidant activity of the crow-
berry (Empetrum nigrum) and other berries. J Agric Food Chem 
2008; 56(12): 4457–62. doi: 10.1021/jf800406v

19.	 Ryyti R, Hämäläinen M, Tolonen T, Mäki M, Jaakkola M, 
Peltola R, et al. Lingonberry (Vaccinium vitis-idaea L.) skin 
extract prevents weight gain and hyperglycemia in high-fat 
diet-induced model of obesity in mice. Nutrients 2024; 16(13): 
13. doi: 10.3390/nu16132107

20.	 Skrovankova S, Sumczynski D, Mlcek J, Jurikova T, Sochor 
J. Bioactive compounds and antioxidant activity in different 
types of berries. IJMS 2015; 16(10): 24673–706. doi: 10.3390/
ijms161024673

21.	 Ryyti R, Pemmari A, Peltola R, Hämäläinen M, Moilanen E. 
Effects of lingonberry (Vaccinium vitis-idaea L.) supplemen-
tation on hepatic gene expression in high-fat diet fed mice. 
Nutrients 2021; 13(11): 11. doi: 10.3390/nu13113693

22.	 Tukey JW. Exploratory data analysis. Reading: Addison-Wesley 
Publishing Company; 1977, 714 p.

23.	 Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher 
DF, Turner RC. Homeostasis model assessment: insulin resis-
tance and β-cell function from fasting plasma glucose and insu-
lin concentrations in man. Diabetologia 1985; 28(7): 412–19. 
doi: 10.1007/BF00280883

24.	 Knopp JL, Holder-Pearson L, Chase JG. Insulin units and 
conversion factors: a story of truth, boots, and faster half-
truths. J Diabetes Sci Technol 2019; 13(3): 597–600. doi: 
10.1177/1932296818805074

25.	 Ji SR, Zhang SH, Chang Y, Li HY, Wang MY, Lv JM, et al. 
C-reactive protein: the most familiar stranger. J Immunol 2023; 
210(6): 699–707. doi: 10.4049/jimmunol.2200831

26.	 Sack GH. Serum amyloid A – a review. Mol Med 2018; 24(1): 
46. doi: 10.1186/s10020-018-0047-0

27.	 Dietrich P, Hellerbrand C. Non-alcoholic fatty liver disease, 
obesity and the metabolic syndrome. Best Pract Res Clin 
Gastroenterol 2014; 28(4): 637–53. doi: 10.1016/j.bpg.2014.07.008

28.	 Liu W, Baker RD, Bhatia T, Zhu L, Baker SS. Pathogenesis of 
nonalcoholic steatohepatitis. Cell Mol Life Sci 2016; 73(10): 
1969–87. doi: 10.1007/s00018-016-2161-x

29.	 Smith BW, Adams LA. Nonalcoholic fatty liver disease and dia-
betes mellitus: pathogenesis and treatment. Nat Rev Endocrinol 
2011; 7(8): 456–65. doi: 10.1038/nrendo.2011.72

30.	 Boughanem H, Yubero-Serrano EM, López-Miranda J, 
Tinahones FJ, Macias-Gonzalez M. Potential role of insulin 
growth-factor-binding protein 2 as therapeutic target for obesity 
-related insulin resistance. Int J Mol Sci 2021; 22(3): 3. doi: 
10.3390/ijms22031133

31.	 PubChem. Cyp3a11 – cytochrome P450, family 3, subfamily 
a, polypeptide 11 (house mouse). 2026. Available from: https://
www.ncbi.nlm.nih.gov/gene/13112 [cited 2 July 2026].

32.	 Manikandan P, Nagini S. Cytochrome P450 structure, function 
and clinical significance: a review. Current Drug Targets 2018; 
19(1): 38–54. doi: 10.2174/1389450118666170125144557

33.	 Ning M, Jeong H. High-fat diet feeding alters expression of 
hepatic drug-metabolizing enzymes in mice. Drug Metab Dispos 
2017; 45(7): 707–11. doi: 10.1124/dmd.117.075655

34.	 Sun HY, Yan YJ, Li YH, Lv L. Reversing effects of ginsenosides 
on LPS-induced hepatic CYP3A11/3A4 dysfunction through 
the pregnane X receptor. J Ethnopharmacol 2019; 229: 246–55. 
doi: 10.1016/j.jep.2018.09.041

35.	 Franczyk MP, He M, Yoshino J. Removal of epididymal vis-
ceral adipose tissue prevents obesity-induced multi-organ insulin 
resistance in male mice. J Endocr Soc 2021; 5(5): bvab024. doi: 
10.1210/jendso/bvab024

36.	 Kotowska D, Neuhaus M, Heyman-Lindén L, Morén B, Li S, 
Kryvokhyzha D, et al. Short-term lingonberry feeding is asso-
ciated with decreased insulin levels and altered adipose tissue 
function in high-fat diet fed C57BL/6J mice. J Funct Foods 
2022; 94: 105125. doi: 10.1016/j.jff.2022.105125

37.	 Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflam-
mation and metabolic disease. Nat Rev Immunol 2011; 11(2): 
85–97. doi: 10.1038/nri2921

http://dx.doi.org/10.29219/fnr.v70.14418
https://doi.org/10.1210/jc.2004-0395
https://doi.org/10.1210/jc.2004-0395
https://doi.org/10.1016/j.foodchem.2019.125124
https://doi.org/10.1016/j.foodchem.2019.125124
https://doi.org/10.1186/s12967-023-04546-0
https://doi.org/10.3390/ijms25052671
https://doi.org/10.1002/mnfr.201200195
https://doi.org/10.3390/ijms231911021
https://doi.org/10.1371/journal.pone.0232605
https://doi.org/10.1155/2014/403041
https://doi.org/10.3402/fnr.v60.29993
https://doi.org/10.1002/ptr.3349
https://doi.org/10.1186/s13020-022-00623-6
https://doi.org/10.1016/j.fct.2019.110922
https://doi.org/10.3390/molecules21121685
https://doi.org/10.1021/jf800406v
https://doi.org/10.3390/nu16132107
https://doi.org/10.3390/ijms161024673
https://doi.org/10.3390/ijms161024673
https://doi.org/10.3390/nu13113693
https://doi.org/10.1007/BF00280883
https://doi.org/10.1177/1932296818805074
https://doi.org/10.4049/jimmunol.2200831
https://doi.org/10.1186/s10020-018-0047-0
https://doi.org/10.1016/j.bpg.2014.07.008
https://doi.org/10.1007/s00018-016-2161-x
https://doi.org/10.1038/nrendo.2011.72
https://doi.org/10.3390/ijms22031133
https://www.ncbi.nlm.nih.gov/gene/13112
https://www.ncbi.nlm.nih.gov/gene/13112
https://doi.org/10.2174/1389450118666170125144557
https://doi.org/10.1124/dmd.117.075655
https://doi.org/10.1016/j.jep.2018.09.041
https://doi.org/10.1210/jendso/bvab024
https://doi.org/10.1016/j.jff.2022.105125
https://doi.org/10.1038/nri2921


Citation: Food & Nutrition Research 2026, 70: 14418 - http://dx.doi.org/10.29219/fnr.v70.1441814
(page number not for citation purpose)

Anni Alatalo et al.

38.	 Ruttkay-Nedecky B, Nejdl L, Gumulec J, Zitka O, Masarik M, 
Eckschlager T, et al. The role of metallothionein in oxida-
tive stress. Int J Mol Sci 2013; 14(3): 6044–66. doi: 10.3390/
ijms14036044

39.	 Heyman-Lindén L, Seki Y, Storm P, Jones HA, Charron MJ, 
Berger K, et al. Berry intake changes hepatic gene expression and 
DNA methylation patterns associated with high-fat diet. J Nutr 
Biochem 2016; 27: 79–95. doi: 10.1016/j.jnutbio.2015.08.022

40.	 Gómez-Banoy N, Guseh JS, Li G, Rubio-Navarro A, Chen T, 
Poirier B, et al. Adipsin preserves beta cells in diabetic mice and 
associates with protection from type 2 diabetes in humans. Nat 
Med 2019; 25(11): 1739–47. doi: 10.1038/s41591-019-0610-4

41.	 Yang B, Ahotupa M, Määttä P, Kallio H. Composition and 
antioxidative activities of supercritical CO2-extracted oils from 
seeds and soft parts of northern berries. Food Res Int 2011; 
44(7): 2009–17. doi: 10.1016/j.foodres.2011.02.025

42.	 Podrini C, Cambridge EL, Lelliott CJ, Carragher DM,  
Estabel J, Gerdin AK, et al. High-fat feeding rapidly induces 
obesity and lipid derangements in C57BL/6N mice. Mamm 
Genome 2013; 24(5): 240–51. doi: 10.1007/s00335-013-9456-0

43.	 Biddinger SB, Almind K, Miyazaki M, Kokkotou E, Ntambi 
JM, Kahn CR. Effects of diet and genetic background on sterol 
regulatory element-binding protein-1c, stearoyl-CoA desaturase 
1, and the development of the metabolic syndrome. Diabetes 
2005; 54(5): 1314–23. doi: 10.2337/diabetes.54.5.1314

44.	 Koskela AKJ, Anttonen MJ, Soininen TH, Saviranta NMM, 
Auriola S, Julkunen-Tiitto R, et al. Variation in the anthocyanin 
concentration of wild populations of crowberries (Empetrum 
nigrum L subsp. hermaphroditum). J Agric Food Chem 2010; 
58(23): 12286–91. doi: 10.1021/jf1037695

45.	 Lätti AK, Riihinen KR, Kainulainen PS. Analysis of antho-
cyanin variation in wild populations of bilberry (Vaccinium 
myrtillus L.) in Finland. J Agric Food Chem 2008; 56(1): 190–6. 
doi: 10.1021/jf072857m

46.	 Lavola A, Salonen A, Virjamo V, Julkunen-Tiitto R. 
Phytochemical variation in the plant-part specific phenols of wild 
crowberry (Empetrum hermaphroditum Hagerup) populations. 
Phytochem Lett 2017; 21: 11–20. doi: 10.1016/j.phytol.2017.05.016

47.	 Hellström JK, Törrönen AR, Mattila PH. Proanthocyanidins 
in common food products of plant origin. J Agric Food Chem 
2009; 57(17): 7899–906. doi: 10.1021/jf901434d

48.	 Ma Z, Du B, Li J, Yang Y, Zhu F. An insight into anti- 
inflammatory activities and inflammation related diseases of 
anthocyanins: a review of both in vivo and in vitro investiga-
tions. Int J Mol Sci 2021; 22(20): 20. doi: 10.3390/ijms222011076

49.	 Zhao X, Zheng J, Tu Z, Li X, Li B, Huang W. Blueberry antho-
cyanins ameliorate obesity-induced dysfunction of lipid metab-
olism and gut microbiota by inhibiting TLR4 pathway. Mol 
Nutr Food Res 2025; 69(22): e70244. doi: 10.1002/mnfr.70244

50.	 Karlsen A, Retterstøl L, Laake P, Paur I, Kjølsrud-Bøhn S, 
Sandvik L, et al. Anthocyanins inhibit nuclear factor-κB acti-
vation in monocytes and reduce plasma concentrations of pro- 
inflammatory mediators in healthy adults. J Nutr 2007; 137(8): 
1951–4. doi: 10.1093/jn/137.8.1951

51.	 Wongwichai T, Teeyakasem P, Pruksakorn D, Kongtawelert P, 
Pothacharoen P. Anthocyanins and metabolites from purple rice 
inhibit IL-1β-induced matrix metalloproteinases expression in 
human articular chondrocytes through the NF-κB and ERK/
MAPK pathway. Biomed Pharmacother 2019; 112: 108610.  
doi: 10.1016/j.biopha.2019.108610

52.	 Zhu W, Jia Q, Wang Y, Zhang Y, Xia M. The anthocyanin cyan-
idin-3-O-β-glucoside, a flavonoid, increases hepatic glutathi-
one synthesis and protects hepatocytes against reactive oxygen 

species during hyperglycemia: involvement of a cAMP–PKA-
dependent signaling pathway. Free Radic Biol Med 2012; 52(2): 
314–27. doi: 10.1016/j.freeradbiomed.2011.10.483

53.	 Ma Y, Li Y, Zhang H, Wang Y, Wu C, Huang W. Malvidin 
induces hepatic stellate cell apoptosis via the endoplasmic retic-
ulum stress pathway and mitochondrial pathway. Food Sci Nutr 
2020; 8(9): 5095–106. doi: 10.1002/fsn3.1810

54.	 Harada G, Onoue S, Inoue C, Hanada S, Katakura Y. 
Delphinidin-3-glucoside suppresses lipid accumulation in 
HepG2 cells. Cytotechnology 2018; 70(6): 1707–12. doi: 10.1007/
s10616-018-0246-0

55.	 Daveri E, Cremonini E, Mastaloudis A, Hester SN, Wood 
SM, Waterhouse AL, et al. Cyanidin and delphinidin modu-
late inflammation and altered redox signaling improving insu-
lin resistance in high fat-fed mice. Redox Biol 2018; 18: 16–24.  
doi: 10.1016/j.redox.2018.05.012

56.	 Takikawa M, Inoue S, Horio F, Tsuda T. Dietary anthocyan-
in-rich bilberry extract ameliorates hyperglycemia and insu-
lin sensitivity via activation of AMP-activated protein kinase 
in diabetic mice. J Nutr 2010; 140(3): 527–33. doi: 10.3945/
jn.109.118216

57.	 Iglesias DE, Cremonini E, Hester SN, Wood SM, Bartlett M, 
Fraga CG, et al. Cyanidin and delphinidin restore colon phys-
iology in high fat diet-fed mice: involvement of TLR-4 and 
redox-regulated signaling. Free Radic Biol Med 2022; 188: 
71–82. doi: 10.1016/j.freeradbiomed.2022.06.006

58.	 Tu P, Zheng X, Niu H, Chen Z, Wang X, Wu L, et al. 
Characterizing the gut microbial metabolic profile of mice 
with the administration of berry-derived cyanidin-3-glucoside. 
Metabolites 2023; 13(7): 818. doi: 10.3390/metabo13070818

59.	 Ho GTT, Nguyen TKY, Kase ET, Tadesse M, Barsett H, 
Wangensteen H. Enhanced glucose uptake in human liver 
cells and inhibition of carbohydrate hydrolyzing enzymes by 
Nordic berry extracts. Molecules 2017; 22(10): 10. doi: 10.3390/
molecules22101806

60.	 Huttunen S, Toivanen M, Arkko S, Ruponen M, Tikkanen-
Kaukanen C. Inhibition activity of wild berry juice fractions 
against Streptococcus pneumoniae binding to human bronchial 
cells. Phytother Res 2011; 25(1): 122–7. doi: 10.1002/ptr.3240

61.	 Monteiro C, Costa F, Pirttilä AM, Tejesvi MV, Martins MCL. 
Prevention of urinary catheter-associated infections by coating 
antimicrobial peptides from crowberry endophytes. Sci Rep 
2019; 9(1): 10753. doi: 10.1038/s41598-019-47108-5

62.	 Murphy KE, Thacher MK, Young EC, Mojik V, Wolfe AL. 
Total synthesis and antibacterial evaluation of Empetroxepins 
A and B and related analogs. Bioorg Med Chem Lett 2022; 75: 
128955. doi: 10.1016/j.bmcl.2022.128955

63.	 Bae HS, Kim HJ, Jeong DH, Hosoya T, Kumazawa S, Jun M, 
et al. In vitro and in vivo antiangiogenic activity of crowberry 
(Empetrum nigrum var. japonicum). Nat Prod Commun 2016; 
11(4): 503–6. doi: 10.1177/1934578X1601100422

64.	 Esposito D, Overall J, Grace MH, Komarnytsky S, Lila MA. 
Alaskan berry extracts promote dermal wound repair through 
modulation of bioenergetics and integrin signaling. Front 
Pharmacol 2019; 10: 1058. doi: 10.3389/fphar.2019.01058

*Eeva Moilanen
The Immunopharmacology Research Group
Faculty of Medicine and Health Technology
Tampere University
33014 Tampere, Finland
Email: eeva.moilanen@tuni.fi

http://dx.doi.org/10.29219/fnr.v70.14418
https://doi.org/10.3390/ijms14036044
https://doi.org/10.3390/ijms14036044
https://doi.org/10.1016/j.jnutbio.2015.08.022
https://doi.org/10.1038/s41591-019-0610-4
https://doi.org/10.1016/j.foodres.2011.02.025
https://doi.org/10.1007/s00335-013-9456-0
https://doi.org/10.2337/diabetes.54.5.1314
https://doi.org/10.1021/jf1037695
https://doi.org/10.1021/jf072857m
https://doi.org/10.1016/j.phytol.2017.05.016
https://doi.org/10.1021/jf901434d
https://doi.org/10.3390/ijms222011076
https://doi.org/10.1002/mnfr.70244
https://doi.org/10.1093/jn/137.8.1951
https://doi.org/10.1016/j.biopha.2019.108610
https://doi.org/10.1016/j.freeradbiomed.2011.10.483
https://doi.org/10.1002/fsn3.1810
https://doi.org/10.1007/s10616-018-0246-0
https://doi.org/10.1007/s10616-018-0246-0
https://doi.org/10.1016/j.redox.2018.05.012
https://doi.org/10.3945/jn.109.118216
https://doi.org/10.3945/jn.109.118216
https://doi.org/10.1016/j.freeradbiomed.2022.06.006
https://doi.org/10.3390/metabo13070818
https://doi.org/10.3390/molecules22101806
https://doi.org/10.3390/molecules22101806
https://doi.org/10.1002/ptr.3240
https://doi.org/10.1038/s41598-019-47108-5
https://doi.org/10.1016/j.bmcl.2022.128955
https://doi.org/10.1177/1934578X1601100422
https://doi.org/10.3389/fphar.2019.01058
mailto:eeva.moilanen@tuni.fi

