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Abstract: The percentage of obese people is increasing worldwide, causing versatile health problems.
Obesity is connected to diseases such as diabetes and cardiovascular diseases, which are preceded by
a state called metabolic syndrome. Diets rich in fruits and vegetables have been reported to decrease
the risk of metabolic syndrome and type 2 diabetes. Berries with a high polyphenol content, including
lingonberry (Vaccinium vitis-idaea L.), have also been of interest to possibly prevent obesity-induced
metabolic disturbances. In the present study, we prepared an extract from the by-product of a
lingonberry juice production process (press cake/pomace) and investigated its metabolic effects in
the high-fat diet-induced model of obesity in mice. The lingonberry skin extract partly prevented
weight and epididymal fat gain as well as a rise in fasting glucose level in high-fat diet-fed mice. The
extract also attenuated high-fat diet-induced glucose intolerance as measured by an intraperitoneal
glucose tolerance test (IPGTT). The extract had no effect on the levels of cholesterol, triglyceride or
the adipokines adiponectin, leptin, or resistin. The results extend previous data on the beneficial
metabolic effects of lingonberry. Further research is needed to explore the mechanisms behind these
effects and to develop further health-promoting lingonberry applications.

Keywords: lingonberry; high-fat diet; weight gain; obesity; blood glucose; insulin; polyphenol

1. Introduction

Obesity is an increasing health problem, and it is now considered a worldwide epi-
demy. Obesity predisposes individuals to chronic diseases, particularly type 2 diabetes and
cardiovascular diseases [1]. These are preceded by a state called metabolic syndrome. It
includes several interconnected factors increasing the risk of atherosclerotic diseases, type
2 diabetes, and fatty liver disease: abdominal obesity, hypertension, dyslipidemia, insulin
resistance, and dysregulated glucose homeostasis [2]. Diets rich in fruits and vegetables
can help to decrease the risk of metabolic syndrome and its co-morbidities [3].

Lingonberry (Vaccinium vitis-idaea L.) is a commonly consumed wild-growing berry in the
boreal areas of the Northern Hemisphere. It is rich in polyphenols and has a high antioxidant
capacity [4–7]. Interestingly, lingonberry supplementation has been shown to prevent high-fat
diet-induced weight gain in animal models [8–10]. Moreover, lingonberry supplementation
has been reported to have a beneficial effect on blood glucose [8] and insulin [11] levels,
as well as on lipids and inflammatory markers [8,10]. It remains, however, unclear which
compounds in lingonberry contribute to these beneficial effects. Some preliminary data suggest
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that total polyphenol and antioxidant concentrations as well as proanthocyanidins, anthocyanins,
resveratrol, and kaempferol may have a role in these effects [12–14].

A press cake (also called as pomace) is formed as a by-product in the berry juice
production process. It contains the skin and seeds of the treated berries and includes
biologically valuable phenolic compounds [15,16]. Here, our aim was to investigate the
exploitation of the side streams of the industrial berry juice manufacturing process, and we
prepared a lingonberry skin extract (LSE) from lingonberry press cake material where seeds
had initially been removed. The content of the extract was analyzed with HPLC-based
methods and its metabolic effects were investigated in an experimental model of obesity in
mice. The extract had such positive effects on weight gain and glucose metabolism that
warrant further studies experimentally and clinically.

2. Materials and Methods

2.1. Animals and Diets

Eight-week-old male C57BL/6N mice (Scanbur Research A/S, Karlslunde, Denmark)
were included in the study. Mice were randomly allocated into three groups with twelve
animals per group and housed under standard conditions (temperature 22 ± 1 ◦C, humidity
50–60%, and dark/light cycle 12/12 h) at Tampere University Preclinical Unit. One group of
mice were given a low-fat diet (LF diet, 10% of energy from fat) and two groups a high-fat
diet (HF diet, 46% of energy from fat) for six weeks (diets were obtained from Research
Diets Inc, New Brunswick, NJ, USA).

The fat in the HF diet feed consisted of lard (20.7 g/100 g of feed) and soybean oil
(2.9 g/100 g of feed), and the fatty acid composition of the feed was 32% of saturated, 35%
of monounsaturated and 35% of polyunsaturated fatty acids of the total fat. The mice were
dosed each weekday with vehicle (LF and HF diet groups) or lingonberry skin extract
(HF + LSE diet group) 8.5 µL/g body weight by intragastric administration; the dosage
was based on previous experience and recommended volumes. Food consumption and
body weight of the mice were measured weekly.

The sample size (number of mice per group) was set based on our previous study [8]
to detect an at least 2.0 mmol/L lower fasting glucose level in the LSE-supplemented HF
diet-fed mice than in the mice on the control HF diet. Other parameters were determined
as standard deviation (SD) of 1.5 mmol/L [8], and with a Type I significance level (alpha) of
0.05 and Type II significance level (beta) of 0.2. There were no drop-outs during the study.

An intraperitoneal glucose tolerance test (IPGTT) was carried out at week five, one week
before the end of the experiment. In the IPGTT test, after a six-hour morning fast, animals
received an intraperitoneal injection of glucose (2 g/kg body weight, Sigma-Aldrich, St. Louis,
MO, USA), and circulating glucose concentrations were measured from the tail vein before and
30, 60, 120, and 180 min after the injection (Contour Next One, Oy Diabet Ab, Lemu, Finland).

When terminating the study, six-hour fasted animals were anesthetized with isoflurane,
blood glucose was analyzed, and thereafter, blood and tissue samples were collected as
previously described [8]. The amount of epididymal fat was weighed immediately after
the sacrifice. Fluorometric assays were used to measure serum cholesterol and triglyceride
concentrations (Abcam, Cambridge, UK). Insulin (Mercordia Ltd., Uppsala, Sweden),
adiponectin, leptin, and resistin (R&D Systems Europe Ltd., Abingdon, UK) levels were
analyzed with ELISA. The HOMA-IR values (homeostatic model assessment of insulin
resistance) were calculated according to the previously published model [17]: fasting
plasma insulin (mU/L, conversion factor adopted from [18]) was multiplied by fasting
plasma glucose (mmol/L) and divided by the constant 22.5.

2.2. Lingonberry Skin Extract and Analysis of Phenolic Compounds

The extract used in the present study was prepared from lingonberry (Vaccinium vitis-
idaea L.) juice press residue material, which was obtained from Kiantama Ltd. (Suomussalmi,
Finland). The wet press residue, containing the skin parts and seeds of the berry, was first
dried, and then the seeds were separated by sieving. Dried lingonberry skin fraction (150 g)
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was extracted with 800 mL of 28% ethanol (v/v) in an autoclave at 120 ◦C for 60 min. The
phenolic composition and total antioxidant capacity of the extract was analyzed in the
University of Oulu, Kajaani University Consortium, Kajaani, Finland.

For the analysis of total proanthocyanidins in the lingonberry ethanol extract, a col-
orimetric 4-dimethylaminocinnamaldehyde (DMAC) method was applied as published
by Prior et al. [19]. The analysis was performed with Varioskan flash microplate reader
(Thermo Scientific, Vantaa, Finland) using procyanidin A2 as the standard. The amount
of quercetin and glycosides of quercetin as aglycons after acid hydrolysis (with 1 M HCl
1:1 v:v, 2 h in 70 ◦C) were measured by a method modified from our previous publica-
tion [20], using an Agilent (Agilent Technologies, Inc, Santa Clara, CA, USA) 1100 series
high-performance liquid chromatography (HPLC) instrument equipped with a diode array
detector (DAD) and Gemini C18 column (3 mm × 150 mm, 5 µm, Phenomenex). The mobile
phase consisting of 1% formic acid in water (eluent A) and acetonitrile (eluent B) was used with
linear gradients: 10–15% B (0–2 min), 15–25% B (2–15 min), 25–40% B (15–20 min), and 40–90%
B (20–25 min). Quercetin as an external standard detected at the wavelength of 370 nm was
applied for the quantification. Anthocyanins were measured with the Agilent HPLC instrument
described above using modified method of Pap et al. [21]. A linear gradient of 10% formic
acid (eluent A) and acetonitrile (eluent B) was run with Gemini C18 column (3 mm × 150 mm,
5 µm, Phenomenex). The gradients used in the flow rate of 0.4 mL/min were as follows: 5% B
(0–2 min), 5–15% B (2–20 min), 15–17% B (20–22 min), and 17–90% B (22–25 min). Anthocyanins
were identified in a wavelength of 520 nm by comparing retention times to our in-house bil-
berry juice control for anthocyanins. Concentrations of anthocyanins detected from lingonberry
extract were calculated by applying a standard curve of cyanidin-3-glucoside. Benzoic and
other phenolic acids were analyzed with Agilent HPLC instrument described above, with the
method published by Tsiapara et al. [22]. A modified wavelength (λ) of 320 nm was applied for
the quantitation of five phenolic acids, along with a λ of 260 nm from the original method, that
was used for the other acids. A representative figure of each compound group analyzed with
HPCL is presented in the Supplementary Materials. Total amount of phenolic compounds was
measured according to Spilioti et al. [23] using the Folin–Ciocalteau method [24]. A modified
method of Huang et al. [25] was used as described by Kallio et al. [26] to measure oxygen radical
absorbance capacity (ORAC) of the lingonberry extract.

2.3. Statistics

Results are presented as the mean ± SEM (standard error of the mean). Repeated-
measure one-way or two-way analysis of variance (ANOVA) followed by Bonferroni multiple-
comparison test was used in the statistical analysis. Differences were considered significant
at p < 0.05 and marked with asterisks, indicating differences: * = p < 0.05, ** = p < 0.01,
*** = p < 0.001 and **** = p < 0.0001. Calculations were carried out with the Prism computerized
package (Graph Pad Prism Software, versions 8 and 9, San Diego, CA, USA).

3. Results

3.1. Composition of the Extract

The extract was found to contain proanthocyanidins (1.19 mg/mL), quercetin and
its glycosides (0.04 mg/mL), anthocyanins (0.46 µg/mL), benzoic acid (0.31 mg/mL),
and minor amounts of protocatechuic, chlorogenic, cinnamic, and p-coumaric acids. The
content of total phenolic compounds was 2.66 mg/mL, and antioxidant capacity (ORAC)
was 39.76 µmol TE/mL.

3.2. Weight Gain

At the onset of the study, the weight of the mice was 23.5 ± 0.4 g, and there was no
difference between the groups. The weight of the mice increased significantly in the high-fat
(HF) diet group during the study when compared to the low-fat (LF) diet group (p < 0.001) as
shown in Figure 1A. Notably, lingonberry skin extract supplementation partly prevented the HF
diet-induced weight gain, as the weight of the mice in the HF + LSE diet group was significantly
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lower than in the HF diet group (p < 0.05 between the HF and HF + LSE diet groups). At the
close of the study, the weights of the mice were 30.5 ± 0.8 g in the HF diet group, 28.3 ± 0.6 g in
the HF + LSE diet group, and 26.0 ± 0.3 g in the LF diet group (Figure 1B).
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Figure 1. Weight gain and food consumption. Body weight development during the study (A), and
body (B) and epididymal fat (C) weight at the end of the study. The results are presented in grams (g).
The cumulative food intake during the study, expressed as energy unit per body weight (kcal/g) (D).
Low-fat diet (LF diet, 10% of energy from fat) or high-fat diet (HF diet, 46% of energy from fat) was given
for the animals for six weeks. Mice were dosed each weekday with vehicle (LF and HF diet groups)
or lingonberry skin extract (HF + LSE diet group) 8.5 µL/g body weight by intragastric administration.
Repeated-measures two-way ANOVA with Bonferroni post-test was applied in the statistical analysis
(A). The values in (B–D) were analyzed with one-way ANOVA and Bonferroni post-test. Mean values
significantly different from the HF diet group are marked with * = p < 0.05, ** = p < 0.01, and *** = p < 0.001,
a = 0.068, b = 0.069, and c = 0.113. Values are given as the mean + SEM, n = 12 mice per group.

Moreover, the amount of epididymal fat was higher in the HF diet group (1.6 ± 0.1 g)
than in the LF diet group (0.8 ± 0.03 g), with p < 0.001 between the groups. Lingonberry
skin extract significantly prevented the HF diet-induced accumulation of epididymal fat,
as the amount of epididymal fat (1.3 ± 0.1 g) was significantly lower in the HF + LSE diet
group when compared to the HF diet group (p < 0.05) (Figure 1C). Food consumption
was followed weekly, and the cumulative food intake did not differ between the groups,
expressed as kcal/g body weight (Figure 1D).
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3.3. Glucose, Insulin, and Glucose Tolerance Test

The fasting glucose and insulin levels were measured at the end of the study. Interest-
ingly, LSE supplementation significantly prevented the increase in the blood glucose level
induced by HF diet, and there was no difference in glucose levels between the HF + LSE
and LF diet groups. Fasting blood glucose was 9.1 ± 0.3 mmol/L in the LF diet group,
10.5 ± 0.4 mmol/L in the HF diet group, and 8.9 ± 0.3 mmol/L in the HF + LSE diet group,
respectively (p < 0.05 between LF vs. HF and HF vs. HF + LSE diet groups) (Figure 2A). HF
diet also induced a significant increase in the fasting insulin concentration (p < 0.05 between
LF vs. HF diet groups). There was not, however, any significant difference in the insulin
levels between the HF and HF + LSE diet groups (Figure 2B). Accordingly, HOMA-IR index
was significantly higher (p < 0.05) in the HF diet group (9.8 ± 1.6) than in the LF diet group
(5.4 ± 0.3). In the HF + LSE group, there was a slight trend towards a lower HOMA-IR
level as compared to the HF diet group, averaging 8.1 ± 0.8; but the difference was not
statistically significant, as seen in Figure 2C.
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Figure 2. The fasting blood glucose (A) and insulin (B) levels and the HOMA-IR index (C) of the
mice at the end of the study, and an intraperitoneal glucose tolerance test (IPGTT) one week before
the end of the experiment (D). Animals received low-fat diet (LF diet, 10% of energy from fat) or
high-fat diet (HF diet, 46% of energy from fat) for six weeks. Mice were dosed each weekday with
vehicle (LF and HF diet groups) or lingonberry skin extract (HF + LSE diet group) 8.5 µL/g body
weight by intragastric administration. In the IPGTT test (D), the animals received glucose (2 g/kg
body weight) by intraperitoneal injection and blood glucose was measured at indicated timepoints
thereafter. The results are expressed as mmol/L (A,D) or pmol/L (B). In the statistical analysis,
one-way ANOVA and Bonferroni post-test was used in (A–C) and repeated-measures two-way
ANOVA with Bonferroni post-test in (D). Mean values significantly different from the HF diet group
are marked with * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001. Values are given as
the mean + SEM, n = 12 mice per group.
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Glucose tolerance test was carried out at week five, one week before the end of the
study. Glucose was given intraperitoneally to the mice after a six-hour morning fast, and
blood glucose levels were analyzed before and 30, 60, 120 and 180 min after the glucose
injection (Figure 2D). Glucose tolerance was significantly disturbed by the HF diet, which
was evidenced by the increased glucose peak at 30 min and by the retarded return to basal
level. LSE did not alter the peak value at 30 min, but glucose levels returned faster to
the pre-glucose levels in the HF + LSE diet group than in the HF diet group (p < 0.05 at
60 min and p < 0.01 at 120 ja 180 min), indicating a less severe glucose intolerance in the
LSE-treated group.

3.4. Cholesterol, Triglycerides, and Adipokines

HF diet induced a significant increase in the serum cholesterol levels when compared to
the LF diet group (p < 0.001 between the groups), but there was no difference in triglyceride
levels. LSE supplementation did not affect either cholesterol or triglyceride levels (Table 1).
Serum concentrations of the adipokines adiponectin, leptin, and resistin were also measured.
HF diet induced a decrease in the adiponectin and an increase in the leptin levels when
compared to the LF diet group (p < 0.01 and p < 0.001, respectively). There was no difference
in the adipokine levels between the HF + LSE and HF diet groups (Table 1).

Table 1. Cholesterol, triglyceride, and adipokine levels in mice at the end of the study.

Low-Fat
(LF) Diet

High-Fat (HF)
Diet

High-
Fat + Lingonberry
(HF + LSE) Diet

p-Value between
LF and HF Diet

Groups

p-Value between
HF and HF + LSE

Diet Groups

Cholesterol (mmol/L) 1.9 ± 0.1 2.7 ± 0.1 2.7 ± 0.2 *** ns

Triglycerides (mmol/L) 0.8 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 ns ns

Adiponectin (µg/mL) 9.2 ± 0.4 7.6 ± 0.2 7.8 ± 0.3 *** ns

Leptin (ng/mL) 7.0 ± 0.7 23.1 ± 2.6 22.1 ± 1.6 *** ns

Resistin (ng/mL) 21.2 ± 1.4 20.2 ± 1.0 23.6 ± 1.7 ns ns

Animals were given low-fat diet (LF diet, 10% of energy from fat) or high-fat diet (HF diet, 46% of energy from
fat) for six weeks. Mice were dosed each weekday with vehicle (LF and HF diet groups) or lingonberry skin
extract (HF + LSE diet group) 8.5 µL/g body weight by intragastric administration. Blood samples were collected
after 6 h of fasting, and serum cholesterol and triglyceride concentrations were analyzed with fluorometric
assays. Adiponectin, leptin, and resistin concentrations were measured with ELISA. Values are presented as
the mean ± SEM, with n = 12 mice in each group. One-way ANOVA with Bonferroni post-test was used in the
statistical analysis. Differences between the groups are marked with *** = p < 0.001, and ns = not significant.

4. Discussion

Our main finding in this study was that lingonberry skin extract prevented the HF
diet-induced increase in the fasting glucose level and body weight gain in mice. In addition,
the amount of epididymal fat was lower in the lingonberry-supplemented group when
compared to the HF diet control group. The results support our previous results, where
air-dried lingonberry powder had beneficial metabolic effects in HF diet-induced obesity
in mice [8]. Furthermore, the present study extends the previous data on antidiabetic
effects of lingonberry, as we now also performed an intraperitoneal glucose tolerance test
(IPGTT). The IPGTT test showed a less severe glucose intolerance in lingonberry skin
extract-supplemented mice than in the control HF diet-fed mice.

HF diet has been reported to cause insulin resistance, glucose intolerance, increased
blood glucose levels, and diabetes [27,28]. Lingonberry skin extract supplementation partly
prevented these effects. Importantly, HF diet-induced increase in fasting glucose levels
were prevented by LSE-supplementation. In addition, glucose intolerance as assessed by
IPGTT was less severe in mice on the lingonberry skin extract-supplemented diet. This was
evidenced by the finding that although the peak serum glucose levels were increased, they
returned to the basal level faster in the HF + LSE group than in the control HF diet group.
Possibly, lingonberry skin extract retarded the development of HF diet-induced insulin
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resistance, which could explain the normal blood glucose levels, similarly increased insulin
levels, and less severe glucose intolerance in IPGTT in the LSE + HF diet group when
compared to the control HF diet group. We also calculated the HOMA-IR value, which is
an index developed to evaluate the degree of insulin resistance from fasting insulin and
glucose levels [17,29]. In the present study, HOMA-IR levels were expectedly increased
in the HF diet group. In the HF + LSE group there was a trend towards lower levels in
the average values of HOMA-IR, but the difference was not statistically significant, and
thus not supporting the assumption of the preventive effect of the LSE-supplementation on
HF-diet induced insulin resistance.

Antidiabetic effects of lingonberry have also been reported elsewhere. Freeze-dried
lingonberry supplementation was shown to prevent the HF diet-induced rise in fasting
glucose levels in mice [10]. In a clinical study, lingonberry improved postprandial glycemic
profiles after the consumption of a sucrose-sweetened lingonberry meal, compared to a
similar meal without lingonberry [30]. In an in vitro study, lingonberry extract stimulated
basal and insulin-stimulated glucose uptake by skeletal muscle cells (C2C12 cell line) and
adipocytes (3T3-L1 cell line) [31]. Proposed mechanisms of the antidiabetic effects of berry
polyphenols include the stimulation of insulin secretion, increase in glucose uptake by
the AMP-activated protein kinase (AMPK) pathway, and inhibition of starch-degrading
polysaccharides [14]. Possible compounds identified in lingonberry, which could affect
glucose metabolism, are proanthocyanidins [32], quercetin [33], and resveratrol [34].

Weight gain during the HF diet was retarded by lingonberry skin extract supplemen-
tation in the present study. This supports our previous study where air-dried lingonberry
powder had similar effects [8]. In another study with freeze-dried lingonberries, a similar
effect was seen [10]. Also, even a short-time (4 days) lingonberry feeding of mice pre-
vented HF diet-induced weight gain [35]. However, in some other studies, lingonberry
supplementation of an HF diet had only a minor or no effect on weight gain [36,37]. These
differences may arise from factors, such as the fat content of the HF diet; all other studies
cited above used HF diet containing 45% energy from fat, but the study by Huang et al. [36],
in which no effect on weight gain was found, used an HF diet containing 60% energy
from fat. Huang et al. [36] also used a lower level of lingonberry supplementation (6%),
as the other studies had lingonberry supplementation of 20% w/w. This suggests that the
lower lingonberry dose in the study by Huang et al. [36] was not enough to overcome the
detrimental effects of the HF diet with 60% energy from fat. Furthermore, natural variation
in the content of the bioactive compounds in the lingonberry material has also been found
to explain different results in similar study settings [37].

Importantly, epididymal fat gain was also significantly lower in the HF + LSE diet
group when compared to the control HF diet group. Lingonberry skin extract supple-
mentation thus partly prevented the HF diet-induced epididymal fat gain. Epididymal
(visceral) adipose tissue is known to be specifically detrimental to metabolic health and
cause low-grade inflammation in the body, while subcutaneous adipose tissue is considered
more neutral or less detrimental [38].

Leptin is an adipokine which regulates appetite and energy metabolism, aiming to
prevent weight gain in normal (lean) conditions. Obesity typically increases circulating
leptin levels, but the effects of leptin may be decreased due to developing leptin resistance.
This results in further increased leptin levels without the full effects of leptin to retard
weight gain [39,40]. This phenomenon was also seen in this study, as increased leptin levels
were measured in both HF diet groups. The concentration of leptin closely relates to the
amount of adipose tissue and body mass index [39]. In the present study, circulating leptin
concentrations in the HF + LSE group at the end of the study were at the same level as
those in the HF diet group, while the weight of the mice was lower in the HF + LSE group.
One possible explanation to this seemingly contradictory result is that lingonberry skin
extract may increase leptin secretion and that in turn may contribute to the finding that the
lingonberry-supplemented mice were leaner. Another possible explanation to this outcome
could be that lingonberry skin extract may enhance the effects of leptin, possible due to less
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severe leptin resistance; this in turn may contribute to the finding that despite similar leptin
concentrations, weight gain in the HF + LSE diet group was lower than that in the control
HF diet group. However, further studies are warranted to find out the actual mechanisms
behind how lingonberry skin extract retards weight gain induced by an HF diet.

We also measured the levels of two other adipokines: adiponectin and resistin.
Adiponectin is known for its anti-inflammatory and insulin-sensitizing properties, and its
level reduces in obesity [41,42]. Decreased adiponectin concentrations in the HF diet group
were also seen in the present study. There was, however, no difference in the adiponectin
levels between the two HF diet groups; even the weight was lower in the HF + LSE diet
group. Resistin is a proinflammatory adipokine secreted from adipose tissue, and in mice, it
has been connected to insulin sensitivity and insulin resistance [43,44]. In the present study,
resistin concentrations were at the same level in all three diet groups with no significant
differences indicating an absence of resistin-mediated responses.

In our previous study, whole lingonberry was used as an air-dried powder, containing
concentrated lingonberry juice solids, berry skin, and seeds [8]. In the present study,
lingonberry seeds were removed from the press cake before the skin extract was prepared.
That may explain, at least partly, the finding that LSE had no effect on blood lipids, contrary
to our previous results with air-dried lingonberry powder. The lingonberry seed oil
consists almost entirely of unsaturated fatty acids [45,46], which are considered beneficial
for cholesterol level [47]. Lingonberry juice contains a variety of phenolic compounds,
most abundantly procyanidins and anthocyanins [48]. Thus, we conclude that lingonberry
compounds affecting lipid metabolism are different from those which affect glucose level,
with the former being present in juice and/or seeds of the berry.

Our aim was to find out if a side stream material from berry juice industry (pomace)
has any potentially beneficial metabolic properties. The results suggest that berry skin mate-
rial from the lingonberry juice process could have beneficial effects on glucose metabolism
if modified/processed into an easily edible form. Our results are supported by other studies
which also used lingonberry press residue as a raw material for extract production: purified
polyphenol–polysaccharide conjugates prevented the weight gain of high-cholesterol fed
hamsters [49], and elsewhere, the lingonberry pomace extract showed hypoglycemic prop-
erties in vitro as it exerted inhibitory effects on α-amylase and α-glucosidase activity [50].

In conclusion, lingonberry skin extract supplementation was found to prevent the
rise in fasting glucose level, and also weight and visceral fat gain in a mice model of HF
diet-induced obesity. The results extend previous data of beneficial metabolic effects of
lingonberry and encourage the use of side streams of lingonberry juice process in health-
promoting applications. Further studies on the topic are warranted, also clinically.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu16132107/s1, A representative figure of each phenolic compound
group analyzed with HPLC.

Author Contributions: Conceptualization, R.R., M.H., R.P. and E.M.; investigation and methodology,
M.H., R.R., T.T., M.J., M.M. and E.M.; formal analysis and validation, M.H., R.R. and T.T.; visualization,
R.R.; writing—the original draft, R.R.; writing—review and editing, M.H., R.P., T.T., M.J., M.M. and
E.M.; supervision, project administration, resources, and funding acquisition, E.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This project was supported by the European Regional Development Fund (EDRF), grant
number A72934.

Institutional Review Board Statement: This study was conducted under the permission number ESAVI-
984/04 (Date 10.07/2018) granted by the National Animal Experimental Board, in accordance with the EU
legislation (Directive 2010/63/EU) for the protection of animals used for scientific purposes.

Data Availability Statement: All relevant data are within the paper.

Acknowledgments: We warmly thank Salla Hietakangas, Meiju Kukkonen, Niina Ikonen, and
Riitta Lotvonen for their professional technical support in the laboratory experiments, and Antti

https://www.mdpi.com/article/10.3390/nu16132107/s1
https://www.mdpi.com/article/10.3390/nu16132107/s1


Nutrients 2024, 16, 2107 9 of 12

Kuivalainen and Joonas Kortelainen from Forest of Lapland for the preparation of the lingonberry
skin extract.

Conflicts of Interest: Riitta Ryyti is an employee of Kiantama Ltd., which provided the lingonberry
pomace material for this study. She confirms that her position has not altered her adherence to the
policies of Nutrients. She and the other authors have not declared any other competing interests.

Abbreviations

AMPK AMP-activated protein kinase
C2C12 Murine skeletal myoblast cells
HF High-fat
LF Low-fat
LSE Lingonberry skin extract
ORAC Oxygen radical absorbance capacity
IPGTT Intraperitoneal glucose tolerance test
3T3-L1 Murine preadipocyte cells.

References

1. da Luz, F.Q.; Hay, P.; Touyz, S.; Sainsbury, A. Obesity with comorbid eating disorders: Associated health risks and treatment
approaches. Nutrients 2018, 10, 829. [CrossRef] [PubMed]

2. Kassi, E.; Pervanidou, P.; Kaltsas, G.; Chrousos, G. Metabolic syndrome: Definitions and controversies. BMC Med. 2011, 9, 48.
[CrossRef] [PubMed]

3. Lakey, W.C.; Lien, L.F.; Feinglos, M.N. Management of obesity-associated type 2 diabetes. In Nutrition and Diabetes: Pathophysiology

and Management; Opara, E., Dagogo-Jack, S., Eds.; Taylor & Francis Group, LLC: Abingdon, UK, 2019.
4. Liu, J.; Hefni, M.E.; Witthöft, C.M. Characterization of flavonoid compounds in common Swedish berry species. Foods 2020, 9,

358. [CrossRef] [PubMed]
5. Zhang, D.; Adelina, N.M.; Fan, Z.; Liu, J. Phytochemical profile and biological activities from different parts of Vaccinium vitis-idaea.

J Berry Res. 2022, 12, 445–462. [CrossRef]
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