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Abstract 26 

 27 

Diets high in fat and sugar lead to metabolic syndrome (MetS) and related chronic diseases. We 28 

investigated the effects of commercially available, cold-pressed polyphenol-rich black currant 29 

(BC) and cornelian cherry (CC) juices on the prevention of MetS in Wistar rats induced by a 30 

10-week high-fat high-fructose (HFF) diet. Juice consumption, either BC or CC, with an HFF 31 

diet resulted in lower serum triglycerides compared to only the HFF consumption. Both juices 32 

also mitigated the effects of HFF on the liver, pancreas, and adipose tissue, by preserving liver 33 

and pancreas histomorphology and reducing visceral fat and adipocyte size. Furthermore, 34 

supplementation with both juices reduced glucagon and up-regulated insulin expression in the 35 

pancreas of the rats on the HFF diet, whereas the BC also showed improved glucose regulation. 36 

BC juice also reduced the expression of IL-6 and hepatic inflammation compared to the HFF 37 

diet. Both juices, especially BC, could be a convenient solution for the prevention of MetS in 38 

humans. 39 

 40 

Keywords: Metabolic syndrome, Polyphenol-rich juices, Black currant, Cornelian cherry, 41 

High-fat high-fructose diet, Animal model. 42 

 43 

1. Introduction 44 

 45 

Metabolic syndrome (MetS) has become a global epidemic and health concern. Multiple factors 46 

have been identified as the cause of MetS, including obesity, a sedentary lifestyle, and improper 47 

nutrition [1]. Consumption of energy-dense foods rich in refined carbohydrates and fats, a 48 

hallmark of the modern Western-type diet, is strongly associated with increased development 49 

of MetS characteristics. These include abdominal obesity, dyslipidemia, hyperglycemia, and 50 
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hypertension, leading to type 2 diabetes (T2DM), non-alcoholic fatty liver disease (NAFLD), 51 

and cardiovascular disease (CVD) [2].  52 

 53 

Numerous studies from human and animal studies revealed positive effects of polyphenols on 54 

the reduction of MetS symptoms [3–6]. The most investigated polyphenols are from aronia and 55 

pomegranate seeds and peel. We already demonstrated the benefits of those polyphenols on 56 

dyslipidemia, fatty acid profiles, and blood pressure [7–10]. According to animal and human 57 

studies, polyphenols from berries also prevent the development of T2DM by regulating glucose 58 

homeostasis and insulin sensitivity [11] and reducing cardiovascular complications [12]. 59 

However, some other polyphenol-rich berry fruits with potentially high antioxidant, anti-60 

inflammatory, and hypoglycemic and/or hypolipidemic effects are less investigated. 61 

 Among them, black currant (BC) berries contain many phenolic compounds potentially 62 

beneficial for human health [13]. In particular, BC is rich in anthocyanins, proanthocyanidins, 63 

quercetin, myricetin, isorhamnetin, and phenolic acids [14–16]. These compounds have been 64 

shown to have an inhibitory effect on the development of certain cancers, cardiovascular 65 

disorders, and inflammation-related conditions [14,17–19]. Similarly, cornelian cherry (CC) 66 

berries are also a rich source of polyphenols and other bioactive compounds [20], mostly 67 

anthocyanins and iridoids, whose pharmacological action has been proven for their 68 

antiatherogenic, anti-inflammatory, and neuroprotective properties [21]. Although these two 69 

fruits are well known in Serbian folk medicine [22,23], there is not enough scientific evidence 70 

to confirm their medicinal effects. Previous animal studies conducted on supplementation with 71 

different BC and CC products have shown favorable health effects [24,25]. Moreover, we 72 

recently conducted a study on the effects of BC and CC juices consumption on systemic 73 

oxidative stress and found that both juices, especially BC, had a protective effect on the 74 

maintenance of redox homeostasis in animals with HFF-induced MetS [26]. These 75 
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antioxidative effects also suggested that both BC and CC can have beneficial effects on some 76 

other components of MetS, such as blood glucose and lipid levels, inflammation, and liver 77 

steatosis. Furthermore, cold-pressed juices are convenient and easily accessible throughout the 78 

year and thus can be an easy way to improve dietary habits in today's urban lifestyle and 79 

ameliorate some of the adverse effects of the Western-type diet, known to be pro-inflammatory, 80 

yet commonly consumed. 81 

Given the aforementioned beneficial effects of polyphenols and other bioactive compounds 82 

from BC and CC, we hypothesized that commercially available BC and CC juices might prevent 83 

and/or ameliorate metabolic and cardiovascular disturbances in the Wistar rat model of MetS 84 

induced by a high-fat high-fructose diet. Therefore, the aim of this study was to investigate the 85 

potential influence of commercially available BC and CC juices on selected biochemical, 86 

histological, and molecular markers of MetS, such as fat accumulation, blood lipids, insulin 87 

resistance, high blood pressure, increased inflammation, and others, induced by an HFF diet in 88 

rats.  89 

 90 

2. MATERIALS AND METHODS 91 

 92 

2.1 Animals and Experimental Design  93 

 94 

The experiments were carried out on 3.5-month-old male Wistar rats. The animals were kept 95 

under controlled conditions, 12 h light-dark cycle, 22±2 °C, and had free access to food and 96 

liquid. All experimental procedures were done according to the National Law of Animal 97 

Welfare (“Official Gazette of RS” 41/09 and 39/10) and the Directive 2010/63/EU. The study 98 

protocol was approved by the Ethics Committee of the Institute for Medical Research, National 99 

Institute of Republic of Serbia, University of Belgrade, Serbia, and Veterinary Administration, 100 
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Ministry of Agriculture, Forestry and Water Management, Republic of Serbia (No. 323-07-101 

06069/2019-05), 26.6.2019, and in line with the ARRIVE protocol. 102 

Rats were randomly divided into four groups (n = 9 each). The control group was placed on a 103 

standard chow diet (Agrofirm, Pozarevac, Serbia) and tap water, HFF group- was on a standard 104 

diet enriched with 25% sunflower oil, 20% fructose, and 0.1% cholic acid (HFF diet) and tap 105 

water. The BC group was on an HFF diet with 20% cold-pressed black currant juice in tap water 106 

(juice/water, 1:5, v/v), while the CC group was on an HFF diet with 20% cold-pressed cornelian 107 

cherry juice in tap water (juice/water, 1:5, v/v). The composition of the standard chow diet and 108 

HFF diet fed to rats is presented in supplementary Table S1. Commercially available black 109 

currant (Ribes nigrum L.) and cornelian cherry (Cornus mas L.) juices were purchased from a 110 

local manufacturer. Juices were produced from cold-pressed fresh fruits and brief (a few 111 

seconds) pasteurization, with no additional sugars, vitamins, or water added. According to the 112 

manufacturer's declaration, BC juice contained 14 g of sugar, 1 g of fats, 0.3 g of proteins, and 113 

63 kcal per 100 mL, while CC contained 12 g of sugar, 0.2 g of fats, 0.5 g of proteins, and 52 114 

kcal per 100 mL of juice. The energy (caloric) value of the juices was included in the total daily 115 

energy count. The sugar from the juices did not significantly affect total sugar and energy 116 

intake, which included the energetic value of 20% BC and CC juices (12.6 kcal/100 mL, and 117 

10.4 kcal/100 mL, respectively) and their daily consumption per rat (26.1 mL, and 27.1 mL, 118 

respectively). BC juice contained 1.4 g GAE/L of total polyphenols, while CC contained 1.0 g 119 

GAE/L. The phenolic profile and the content of different phenol classes in juices were also 120 

determined and recently described in detail in our previous study [26].  121 

After 10 weeks of treatment, the animals were placed on overnight fasting, and blood was 122 

collected via cardiac puncture after the animals were anesthetized with 4% isoflurane. 123 

 124 

2.2 Food and Liquid Consumption, Body Mass, and Adiposity Assessment  125 

Jo
urn

al 
Pre-

pro
of



6 
 

 126 

The food and liquid intakes were recorded every week. The average intake is presented in Table 127 

1. Body mass was measured once a week during the 10-week treatment and presented as the 128 

baseline mass before treatment and the final mass at the end of treatment. After the animals 129 

were sacrificed, total visceral fat was collected and weighed, and the adipose tissue mass was 130 

divided by the total weight of the rats. Body adiposity was expressed as a percentage of adipose 131 

tissue of total body mass. 132 

 133 

2.3 Biochemical Analysis of Plasma Samples and Glucose Tolerance Test 134 

 135 

Plasma was separated by centrifugation at 3000x g at 4 oC for 15 min. The levels of triglyceride 136 

(TG), total cholesterol (TC), HDL-cholesterol (HDL-C), and LDL-cholesterol (LDL-C) were 137 

analyzed using Clinical chemistry analyzer (Cobas c111, Roche Diagnostics, Basel, 138 

Switzerland) and Roche Diagnostics kits, respectively, following the instructions of the 139 

manufacturer. Plasma insulin levels were measured using radioimmunoassay (RIA) (INEP, 140 

Belgrade, Serbia).  141 

 142 

An intraperitoneal glucose tolerance test (IPGTT) was performed 3 days before the end of the 143 

treatment. Rats were fasted for 4h when juices were temporarily replaced with water. A 25% 144 

glucose solution dissolved in sterile saline was injected intraperitoneally (2 g/kg) without 145 

anesthesia, to avoid the effect of an anesthetic on glucose level and kinetics of glucose disposal. 146 

Blood was obtained from the tail tip, and the glucose levels were monitored at baseline and 15, 147 

30, 60, 90, and 120 min after glucose load, with a glucometer (Contour Plus, Bayer, Germany). 148 

The area under the glycemic curve (AUC) over the course of the experiment was calculated 149 

using the trapezoidal rule (AUC glucose 0–120 min, mmol/L vs the lowest value).  150 
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 151 

2.4 Blood Pressure Measurement  152 

 153 

Blood pressure was recorded in conscious animals previously trained for adaptation to the 154 

method, by non-invasive tail-cuff method (Rat Tail Cuff Method Blood Pressure Systems 155 

(MRBP-R), IITC Life Science Inc. USA). Briefly, after 20 min in an incubator at 37 °C to dilate 156 

the caudal artery, animals were individually restrained in a clear acrylic restrainer, the room 157 

temperature was maintained at 23 °C for accurate blood pressure measurements, and at least 158 

four measurements for each parameter were recorded to obtain a mean result. 159 

 160 

2.5 Histological Studies 161 

 162 

Samples of liver, pancreas, and visceral adipose tissue (pooled depots of retroperitoneal and 163 

perirenal white adipose tissue) were fixed in 4% paraformaldehyde for 24h, washed in water, 164 

dehydrated in ethanol gradient, cleared in xylene, and embedded in paraffin. The 5 μm thick 165 

tissue sections were cut on a Leica RM2065 microtome, stained with hematoxylin and eosin, 166 

and mounted in Canada balsam. Images were examined under Olympus AX70 light microscope 167 

(Hamburg, Germany) with an objective magnification of x20 or x40 and recorded using a high-168 

resolution digital camera (Olympus DP50, Tokyo, Japan). The pancreas immunohistochemical 169 

staining for glucagon and insulin was performed with a monoclonal antibody against glucagon 170 

(1:100 overnight at 4 °C, Ab10988, Abcam) and a guinea pig polyclonal antibody against 171 

insulin (1:100 overnight at 4 °C, Ab7842, Abcam), respectively. After a brief wash in PBS, 172 

immunostaining was performed using the streptavidin–biotin technique and DAB 173 

Substrate/Chromogen System for visualization (Novocastra Peroxidase Detection System kit, 174 

Leica Biosystems, Wetzlar, Germany). Control sections without the primary antibody were 175 
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processed in parallel. The nuclei were counterstained with Mayer’s hematoxylin. Three fields 176 

of view were analyzed by measuring the diameter (μm) of adipose cells in every tissue sample. 177 

The average cell diameter was calculated for each experimental group. Semiquantitative 178 

analysis of glucagon and insulin expression was performed by determining the intensity of 179 

staining (0- none, 1 - weak, 2 – moderate, 3 - intensive) and the number of immunoreactive 180 

cells (1 - less than 50%, from 51- 100%). 181 

 182 

2.6 RNA Isolation and Real‑time Polymerase Chain Reaction (RT-PCR)  183 

 184 

Total RNA was isolated from liver tissue using TRIzol® Reagent (AmBion, Life Technologies, 185 

Carlsbad, CA, USA) according to the manufacturer's instructions. Quantitative and qualitative 186 

evaluation of the isolated RNA was performed spectrophotometrically (OD 260/280 > 1.8 was 187 

considered satisfactory) and on 2% agarose gel. Reverse transcription was performed using a 188 

high-capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) 189 

according to the manufacturer's instructions. The cDNAs were stored at − 70 °C until use. 190 

 191 

Quantification of TNFα, IL-1β, and IL-6 gene expression in the liver was performed by 192 

TaqMan® real-time polymerase chain reaction (PCR). The following FAM-labeled probe sets 193 

were used: TNFα (Rn01525859_g1), IL1β (Rn00580432_g1) and IL6 (Rn01410330_m1). 194 

Quantitative normalization of cDNA in each sample was performed using TBP 195 

(Rn01455646_m1∗) as endogenous control, all obtained from Applied Biosystems Assay-on 196 

Demand Gene Expression Products. Real-time PCR was performed using QuantStudio™ Real-197 

Time PCR Systems (Applied Biosystems, Foster City, CA, USA) as previously published 198 

(Vasiljevic et al., 2013). Relative quantification of gene expression was examined using the 199 

comparative 2−ΔΔCt method described by Livak and Schmittgen [27] 200 
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,327. WHAT IS THIS??? The results were analyzed by QuantStudio™ Design and Analysis 201 

software v1.3.1 (Applied Biosystems, Foster City, CA, USA) with a confidence level of 95% 202 

(P ≤ 0.05). 203 

 204 

      2.7 Statistical Analysis  205 

 206 

Results are shown as means ± SD. Parameters with normal distribution were analyzed with 207 

ANOVA followed by Tukey’s post-hoc test for the differences in subgroups, while 208 

asymmetrically distributed variables were analyzed by the Mann-Whitney and Kruskal-Wallis 209 

tests. The differences were considered significant at P ≤ 0.05. 210 

 211 

3. RESULTS 212 

 213 

3.1 Body Mass, Adiposity, Food, and Water/juice Intake Quantification 214 

Baseline body masses were similar in all study groups, while at the end of the treatment, the 215 

CC group on HFF had significantly higher body mass than the control and BC-treated groups 216 

(Table 1). However, a prolonged energy-rich diet resulted in a significantly higher (P < 0.001) 217 

proportion of adipose tissue in all HFF groups when compared with usual diet-fed control rats. 218 

Still, the proportion of adipose tissue in BC-treated rats was significantly lower (P < 0.05) 219 

compared to the HFF group (Table 1). The rats on HFF significantly reduced daily food intake 220 

in comparison with the control group. The rats on juice supplementation also slightly reduced 221 

food intake (see Table 1). There was no significant difference in daily liquid consumption and 222 

total energy intake among the experimental groups.  223 

 224 

Table 1. Body mass and body fat quantification, food and liquid intake.  225 
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 Control HFF BC CC 

Baseline body mass (g)  368 ± 24 371 ± 24 352± 26 368± 30 

Final body mass (g) 401 ± 31 424 ± 19 391± 33 441± 51*† 

Body fat (%) 3.28 ± 0.75 6.32±1.27*** 5.34± 0.83***# 6.89±1.63*** 

Food intake (g/day/cage) 72.99 ± 10 49.78± 8*** 43.37± 6*** 41.8± 5***# 

Water/juice intake 

(mL/day/cage) 

84.7 ± 8.73 73.5 ± 15.22 78.3 ± 9.45 81.3 ± 7.10 

Calorie intake (kcal/day/rat) 86.3 ± 5.4 83.3 ± 4.7 88.3 ± 6.1 83.4 ± 3.7 

 226 

HFF- rats on a high-fat high-fructose (HFF) diet, BC- rats on an HFF diet + 20% black currant 227 

juice, CC- rats on an HFF diet + 20% cornelian cherry juice. 1 kcal = 4.2 kJ 228 

The data are presented as means ± SD, (n=9, 3 rats per cage). * P < 0.05 vs Control, ** P < 229 

0.01 vs Control, *** P < 0.001 vs Control; # P ≤ 0.05 vs HFF; † P ≤ 0.05 vs BC group. 230 

 231 

3.2 Biochemical Analysis of Plasma Samples 232 

 233 

The HFF diet did not alter the plasma lipid levels, except that the HDL-C level was lower 234 

compared to the control (Table 2). On the other hand, both juice-supplemented groups had 235 

significantly lower plasma triglyceride levels, as compared to either control or HFF groups.  236 

 237 

Table 2. Effects of HFF diet and juices supplementation on plasma lipid status, baseline 238 

glucose, insulin concentrations, and IPGTT test  239 

 240 

 Control HFF BC CC 

Total cholesterol (mmol/L) 1.56± 0.23  1.53± 0.20  1.23± 0.23**#  1.30± 0.14**  

HDL-C (mmol/L) 0.98± 0.13 0.83± 0.16* 0.62± 0.12***# 0.66± 0.14***# 
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LDL-C (mmol/L) 0.18± 0.12 0.32± 0.15 0.38± 0.16* 0.35± 0.17 

TG (mmol/L) 0.85±0.10 0.83± 0.29 0.57±0.07***## 0.61±0.07***## 

Glc (mmol/L) 5.22±0.33 5.56±0.49 5.75±0.97 5.20±0.40 

Insulin (IU/mL) 28.8 ± 5.17 28.1 ± 6.46 35.3 ± 10.31 38.9 ± 8.30 

IPGTT glucose peak30 min 

 (mmol/L) 

8.35 ± 0.31 11.54 ± 1.12 10.16 ± 0.84 11.86 ± 1.61 

IPGTT glucose AUC 870 ± 11.32 1276 ± 98.7** 1022 ± 22.8† 1105 ± 74.8 

 241 

HFF- rats on a high-fat high-fructose (HFF) diet, BC- rats on an HFF diet and 20% black currant 242 

juice, CC- rats on an HFF diet, and 20% cornelian cherry juice. HDL-C- high-density 243 

lipoprotein cholesterol, LDL-C- low-density lipoprotein cholesterol, TG- triglycerides, Glc - 244 

glucose, IPGTT- intraperitoneal glucose tolerance test, AUC- area under the curve. 245 

The data are presented as means ± SD (n = 9). * P < 0.05 vs Control, ** P < 0.01 vs Control, 246 

*** P < 0.001 vs Control; # P ≤ 0.05 vs HFF group, ## P ≤ 0.01 vs HFF group, † P = 0.056 vs 247 

HFF group. 248 

 249 

Fasting plasma glucose and insulin levels were similar in all experimental groups, as well as 250 

IPGTT glucose peaks (Table 2). Nevertheless, the area under the curve (AUC) was the highest 251 

in the HFF group and significantly higher compared to the control group (1276 ± 98.7 vs 870 ± 252 

11.32, P < 0.01), indicating the development of glucose intolerance in HFF animals (Table 2). 253 

On the other hand, in BC supplemented group AUC was lower compared to the HFF group 254 

only (P=0.056). IPGTT showed non-significant differences in the glucose level at the different 255 

time points between groups (Fig. 1).  256 
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 257 

 258 

Fig. 1. Intraperitoneal glucose tolerance test. HFF- rats on a high-fat high-fructose (HFF) diet, 259 

BC- rats on an HFF diet + 20% black currant juice, CC- rats on an HFF diet + 20% cornelian 260 

cherry juice. Values are expressed as means ± SEM (n = 9). 261 

 262 

3.3 Blood Pressure Measurement  263 

 264 

According to our results, the HFF diet significantly increased (P < 0.05) systolic blood pressure 265 

in all the HFF-fed groups independent of juice consumption (Table 3).  266 

Table 3. Results of systolic and diastolic blood pressure at the end of the study.  267 

 268 

 Control HFF BC CC 

SBP (mmHg) 128 ± 8 151 ± 10* 145 ± 10* 147 ± 11* 

DBP (mmHg) 78 ± 9 87 ± 11 87 ± 8 87 ± 10 

 269 

HFF- rats on a high-fat high-fructose (HFF) diet, BC- rats on an HFF diet + 20% black currant 270 

juice, CC- rats on an HFF diet + 20% cornelian cherry juice. SBP- systolic blood pressure, 271 

DBP- diastolic blood pressure. The data are presented as means ± SD (n = 9). * P < 0.05 vs 272 

Control.   273 
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 274 

3.4 Histopathological Analysis of Hepatic, Adipose, and Pancreatic Tissue 275 

 276 

In the liver of the HFF-fed animals, vacuolar degeneration, fat accumulation, as well as visible 277 

changes in histological structures and architecture of certain zones were noted (Fig. 2). 278 

Hepatocytes had a trabecular arrangement and sinusoidal capillaries were notable. The changes 279 

were visible, especially in the structure of hepatocytes, which had irregular shapes and were 280 

separated with accumulated adipocytes. Capillaries were prominent with a large number of 281 

irregularly shaped erythrocytes. On the contrary, well-defined lobular liver structures were 282 

noticeable in BC and CC groups. The central veins were clearly visible in the center of the 283 

lobule, while inter-lobular portal spaces were localized at the periphery. Binuclear and 284 

mononuclear hepatocytes were visible in the samples. There was a normal trabecular 285 

arrangement of hepatocytes with sinusoidal capillaries covered with smooth endothelial and 286 

Kupffer cells, which had ovoid nuclei and transparent nucleoplasm. The blood vessels were 287 

histologically unchanged. Thus, in BC and CC groups the liver’s structure was preserved, in 288 

line with control.  289 
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 290 

 291 

Fig 2. Changes in liver histology after treatment with different types of diet. Cont.- Control 292 

group, HFF- rats on a high-fat high-fructose (HFF) diet, BC- rats on HFF diet + 20% black 293 

currant juice, CC- rats on HFF diet + 20% cornelian cherry juice. (cv- central vein, h-294 

hepatocytes, s-sinusoid, fa- fat accumulation). Magnification x 20 295 

 296 

Histological analysis of rat’s adipose tissue showed an increase in the size of adipocytes in the 297 

HFF group (7400 ± 210 μm2) in comparison to all other three groups including control (4300 ± 298 

110 μm2), BC (4200 ± 120 μm2), and CC (4154 ± 190 μm2). On average, the diameter of 299 

adipocytes in HFF animals was almost twice as high as the diameter of adipocytes in the BC 300 

and CC groups. A similar trend was noted with adipose volume. It was also observed that BC 301 

and CC juice consumption led to cell structure preservation, which was not the case in rats that 302 

consumed the HFF diet alone (Fig. 3). 303 
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 305 

 306 

Fig. 3. Influence of modified diet on adipose tissue morphology.  Cont.- Control group, HFF- 307 

rats on a high-fat high-fructose (HFF) diet, BC- rats on HFF diet + 20% black currant juice, 308 

CC- rats on HFF diet + 20% cornelian cherry juice. (blue arrow indicates adipocyte lumen). 309 

***P < 0.001 vs control group, ### P < 0.001 vs HFF group. Magnification x 20 310 

 311 
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Furthermore, we detected pathological changes in the pancreatic tissue of HFF rats, represented 312 

by large and vacuolated acinar cells, and the degenerated islet of Langerhans with a marked 313 

decrease of β-cells (Fig. 4A). Again, the protective effect of CC and BC juice has been found, 314 

given that both supplemented groups had well-preserved islet of Langerhans and β-cells, as 315 

well as acinar cell and intra- and interlobular septa. In particular, an increased size of pancreatic 316 

islets was observed in the pancreas of BC rats. 317 

 318 

In line with disturbed histomorphology, immunohistochemical analyses of pancreatic tissue 319 

(Fig. 4B) showed an increased number of glucagon immunoreactive cells in HFF rats (52.6 ± 320 

3.6) compared to normal-fed control (45 ± 5.7). Again, supplementation with BC (35.8 ± 3.3) 321 

or CC (29.6 ± 4.7) juice had a beneficial effect by reducing glucagon expression in the pancreas 322 

of HFF diet-challenged rats. In addition, the BC (51.4 ± 5.4 number of insulin immunoreactive 323 

cells) and CC (53.4 ± 3.6) groups showed increased insulin expression in comparison with the 324 

HFF (30.2 ± 1.7) group (Fig. 4C).  325 

 326 

 327 
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 334 

Fig. 4. A) Morphology of islet of Langerhans.  B) Immunohistochemical staining of glucagon 335 

immunoreactive cells in the islet of Langerhans.  Magnification x20. C) Immunohistochemical 336 

staining of insulin immunoreactive cells in the islet of Langerhans. Cont.- Control group, HFF- 337 

rats on a high-fat high-fructose (HFF) diet, BC- rats on HFF diet + 20% black currant juice, 338 

CC- rats on HFF diet + 20% cornelian cherry juice. *P < 0.05, **P < 0.01, ***P < 0.001 vs 339 

control group; ### P < 0.001 vs HFF group. Magnification x20. 340 

 341 

3.5 Inflammatory Cytokines and mRNA Expression  342 

 343 

The expression of genes for inflammatory cytokines TNFα, IL-1β, and IL-6 in the liver is 344 

presented in Fig. 5 (A–C). The IL-6 gene expression demonstrated a significant difference 345 

between groups (p=0.03). The mRNA expression for IL-6 was significantly higher in the HFF 346 

group compared to the control group (P < 0.05), indicating an inflammatory effect of the HFF 347 

diet (Fig. 5C). At the same time, BC supplementation showed anti-inflammatory potential, as 348 

the expression of IL-6 mRNA was significantly lower in the BC group compared to the HFF 349 

animals (P < 0.05). Supplementation with CC exerted a similar effect, but it failed to reach 350 

statistical significance. No significant differences were observed in mRNA expression of the 351 

other two inflammatory cytokines, TNFα and IL-1β, between the groups (Fig. 5A and Fig. 5B). 352 
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  353 

 354 

Fig 5. Relative quantification of A) TNFα, B) IL-1β, and C) IL-6 mRNA in the liver after ten 355 

weeks of high-fat high-fructose HFF diet, and BC and CC juice supplementation. The gene 356 

expression was normalized to β-actin gene expression. Cont.- Control group, HFF- rats on a 357 

high-fat high-fructose (HFF) diet, BC- rats on HFF diet + 20% black currant juice, CC- rats on 358 

HFF diet + 20% cornelian cherry juice.  Values are expressed as means ± SEM (n= 9); * P < 359 

0.05 vs control group; # P < 0.05 vs HFF group. 360 

 361 

4. DISCUSSION  362 

 363 

Although studies have shown that BC and CC juices may have hypolipidemic, hypoglycemic, 364 

and anti-inflammatory effects [25,28], their potential to prevent dietary-induced MetS has not 365 

been sufficiently investigated. In this study, we demonstrated the ameliorative effect of BC and 366 
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CC juice on several MetS manifestations, including adiposity, glucose tolerance, 367 

hypertriglyceridemia, liver inflammation, and histopathological changes in the liver, adipose 368 

tissue and pancreas, induced by the HFF diet in a Wistar rats model. 369 

 370 

In line with the reported literature, we found that food intake in all groups fed with the HFF 371 

diet was lower compared to the group on the standard chow diet [29]. This could be explained 372 

by a high-energy density of the HFF diet which improves satiety and reduces food consumption 373 

[30]. Therefore, no difference in body mass between HFF and standard chow-fed animals was 374 

found. Nevertheless, the differences were significant in adipose tissue mass, since a nearly 375 

doubled amount of adipose tissue was found in all HFF fed groups. Furthermore, results from 376 

our study revealed that co-administration of BC juice significantly reduced HFF diet-induced 377 

adiposity, while CC juice did not exert a statistically significant effect, despite a similar trend. 378 

The difference in the action of the juices may originate from variations in the overall 379 

concentration of polyphenols, as well as from differences in the presence of specific classes. 380 

Estimated from the total polyphenol content and the amount of juice consumed, the approximate 381 

amount of polyphenols that the animals were given in our study was 20 mg/kg body weight 382 

daily. This was the same dose as in our recently published paper (Paunović et al, 2023) [26], 383 

and similar to previously observed functional effects of these polyphenols [31,32]. When it 384 

comes to humans, equivalent doses would be reached by consumption of approximately one 385 

bottle, 200-250 mL, of juice daily. Dietary guidelines for the US and some European countries 386 

support moderate consumption of 100% fruit juice (75–224 mL daily) to improve nutrient 387 

intake and diet quality, while no association with an increase in the risk of obesity, type 2 388 

diabetes, cardiovascular disease or poor glycemic control has been found [33,34]. Moreover, 389 

BC and CC juices are a good source of bioactive polyphenols, which are, in their own right, 390 

linked with health benefits. Thus, despite some sugar content also present, examined juices 391 
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appear to offer more benefit than risk in attempt to prevent development of MetS. However, for 392 

implication in humans more studies may be needed. 393 

In the BC juice, we also found that the concentration of flavon-3-ols (TF3C) was more than 394 

five times higher than in CC juice. Of note are the findings from some studies that demonstrated 395 

that TF3C influences lipolysis and reduces adipose tissue [35]. Previously published data on 396 

other polyphenol-rich juices also reported beneficial effects on rats’ adiposity [36]. There are 397 

several mechanisms of polyphenols' involvement in the management of adiposity/obesity, 398 

including inhibition of lipid and saccharide absorption, prevention of adipocyte differentiation 399 

and proliferation, and activation of AMP-activated protein kinase (that attenuate lipogenesis 400 

and enhance lipolysis) [37]. Polyphenols may affect adiposity and blood lipids through the 401 

downregulation of sterol regulatory element-binding protein 1c (SREBP-1c), which is an 402 

important transcription factor that regulates genes involved in FA synthesis and TG 403 

metabolism. This action results in the reduction of de novo lipogenesis while concurrently up-404 

regulating peroxisome proliferator-activated receptor alpha (PPARα), leading to an increase in 405 

β-fatty acid oxidation [38,39]. Here we detected a significant reduction in adipose tissue mass, 406 

as well as in the size and number of adipocytes in the BC-supplemented rats compared to the 407 

HFF group. Since visceral adiposity is one of the main components of MetS, the obtained results 408 

can be considered significant to recommend the use of BC juice for the prevention of this 409 

widespread condition. 410 

Dyslipidemia is another common feature of MetS, and it has been well-documented that 411 

prolonged consumption of fat and/or fructose leads to elevated levels of blood lipids [40]. An 412 

important finding of our study is that supplementation with BC or CC juices significantly 413 

reduced plasma TG levels even during prolonged HFF feeding in rats. The pathway of lipid 414 

metabolism modulation by polyphenols from natural sources is still not fully elucidated. Studies 415 

in vitro showed an inhibitory effect on enzymes involved in lipogenesis (fatty acid synthase, 416 
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FAS) and impairment of aerobic energy metabolism by PPARg, as well as increased expression 417 

of carnitine palmitoyltransferase I (CPT1A), the key enzyme of fatty acids β-oxidation [39,40]. 418 

Both juices decreased the levels of HDL-C, which could be interpreted as a generally negative 419 

result concerning HDL-C's role in cholesterol and triglycerides transport in blood bloodstream. 420 

Noteworthy, cholesterol fractions in rats' blood differ from those in humans. For example, in 421 

humans, HDL-C carries about a quarter of the total amount of cholesterol in the blood, while in 422 

rats, HDL-C is a predominant cholesterol fraction [43]. Therefore, despite the observed 423 

decrease, it could be possibly expected that the beneficial physiological role of HDL-C in our 424 

juice-supplemented rats was preserved.  425 

Many studies have linked high-fat, high-fructose diets with the development of glucose 426 

intolerance and insulin resistance [44,45]. Although our results did not reveal significant 427 

alternations in fasting blood glucose and insulin levels (in contrast to some other studies 428 

[46,47]), we found that the HFF diet increased glucose excursion during the IPGTT. To our 429 

knowledge, this is the first study that demonstrated decreased systemic insulin sensitivity and 430 

glucose intolerance after the HFF+cholic acid diet. The observed glucose intolerance most 431 

likely originated from enlarged visceral adipose tissue in HFF animals. Possible mechanisms 432 

by which hypertrophied adipocytes contribute to impaired insulin sensitivity include altered 433 

GLUT4 trafficking [48] and increased production and secretion of proinflammatory cytokines 434 

and adipokines. Additionally, due to the liver exposure to lipotoxic and proinflammatory 435 

metabolites from enlarged visceral adipose tissue, there is an increase in ectopic lipid 436 

accumulation and inflammation, contributing to decreased systemic insulin sensitivity [49]. 437 

This assumption is supported by our results demonstrating hepatic steatosis and increased 438 

expression of proinflammatory cytokines (e.g., IL-6) leading to impaired glucose tolerance in 439 

the HFF group. Polyphenol-rich natural products can also have a positive effect on blood 440 

glucose management since they augment glucose transport via GLUT4, β-cell function, insulin 441 
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secretion, as well as AMPK-mediated suppression of hepatic gluconeogenesis [50,51]. A 442 

noteworthy finding of the current study is that BC juice decreased glucose excursion, which 443 

strongly suggests that BC juice consumption might be useful in preventing the development of 444 

insulin resistance in the MetS [52].  445 

Our results showed that the HFF diet significantly increased systolic blood pressure in all HFF-446 

fed groups. As shown previously, both excess fats and fructose in the diet lead to an increase in 447 

blood pressure via several mechanisms including increased salt retention, endothelial 448 

dysfunction, and overstimulation of the sympathetic nervous system [53,54]. On the contrary, 449 

some constituents previously identified in BC and CC juices, such as tartaric acid, malic acid, 450 

gallic acid, protocatechuic acid, and epigallocatechin [26] are known for their antihypertensive 451 

effects [55]. However, it is possible that the concentration in commercial juices used in our 452 

study was not sufficient to produce the same effects.   453 

The effect of BC and CC juices in the management of dyslipidemia, particularly 454 

hypertriglyceridemia, corresponds to their effect on liver and adipose tissue morphology in 455 

HFF-fed animals. Alternations observed in the livers of our HFF-fed rats include hepatocyte 456 

damage, fat accumulation, activated Kupffer cells, and lobular inflammation, all known to 457 

promote the development of NAFLD. Since both juices attenuated hepatocellular impairment 458 

and excessive lipid droplet accumulation induced by the HFF diet, their protective effects 459 

against NAFLD could be speculated. Our findings are in line with previous studies in humans 460 

and animals which found improvement in liver steatosis and NAFLD by polyphenol-461 

rich supplements [56,57]. The liver steatosis, as detected in our HFF-fed rats, is commonly 462 

associated with hepatic inflammation, characterized by infiltration of monocyte-derived 463 

macrophages and activation of resident Kupffer cells, as well as increased proinflammatory and 464 

decreased anti-inflammatory cytokines [58]. Both high-fat diets and high-fructose diets have 465 

been shown to promote liver steatosis and inflammation, with the combination of these diets 466 
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promoting intrahepatic inflammation and hepatocellular injury to an even greater extent [59]. 467 

However, sequestration of reactive oxygen species (ROS), and thereby reduction of oxidative 468 

stress, could be another potential mechanism by which polyphenols may interrupt the cascade 469 

leading to steatosis and liver necrosis [60,61].  470 

In our study, gene expression of proinflammatory cytokines TNFα nor IL-1b was not changed 471 

with any treatment, however, the IL-6 mRNA expression was significantly increased in HFF-472 

fed rats. The trigger for increased IL-6 gene expression could be due to the HFF diet-induced 473 

dysbiosis, which stimulates the release of gut-derived endotoxin-like lipopolysaccharide (LPS) 474 

and activation of resident Kupffer cells, resulting in a TNFα-dependent regulation of IL-6 in 475 

the liver [62]. IL-6 is a key factor in inducing acute phase response proteins and plays a central 476 

role in restoring normal hepatic function after liver injury. Therefore, the increase of IL-6 could 477 

be part of the adaptive response of the liver to HFF-mediated hepatocellular damage. Other 478 

studies also reported elevation of IL-6, but not TNFα and IL-1β, as a compensatory mechanism 479 

that prevents the development of hepatic steatosis at the early stage of NAFLD [63]. However, 480 

the sustained activation of IL-6 in the liver leads to a regulation of suppressors of cytokine 481 

signaling 3 (SOCS3), which, in turn, impairs insulin-mediated signaling in the liver and 482 

decreases both peripheral and systemic insulin sensitivity [64]. In the current study, BC juice 483 

decreased the expression of IL-6 mRNA and restored glucose regulation, indicating an anti-484 

inflammatory effect in the liver and a possible role in the prevention of steatosis and glucose 485 

intolerance induced by the HFF diet. 486 

Polyphenols from natural sources exert a beneficial activity for the prevention and treatment of 487 

diabetes [65]. They have a cytoprotective effect on pancreatic β-cells by activating the anti-488 

apoptotic and inhibiting the pro-apoptotic signaling pathways, as well as by increasing cell 489 

resistance against the oxidative insult [26,66]. The results obtained herein indicate the 490 

efficiency of polyphenol-rich BC and CC juice against the histopathological changes and the 491 
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loss of pancreatic β-cells during MetS development in rats. Moreover, both juices prevented an 492 

increase of glucagon immunoreactive cells and glucagon expression observed in the pancreas 493 

of HFF-fed animals without supplementation. Glucagon is a hormone produced by pancreatic 494 

α-cells, directly responsible for an increase in glucose levels in the bloodstream. Glucagon 495 

overexpression due to α-cells dysfunction is a common feature of diabetes [67]. In addition, the 496 

BC and CC groups had increased insulin expression compared to the HFF group, indicating the 497 

protective effect of juice supplementation. Our results show that BC juice supplementation 498 

ameliorates adverse MetS-related alternations in pancreatic structure and function.  499 

In conclusion, our data show that BC juice may be useful in preventing some alterations 500 

associated with MetS development induced by the HFF diet in rats. The ameliorative effects of 501 

BC juice included reduction of adipose tissue, regulation of plasma TG, improvement of 502 

glucose tolerance, decreased glucagon and increased insulin expression, preservation of 503 

histomorphology in liver, adipose and pancreatic tissues, as well as suppression of hepatic 504 

inflammation. The beneficial effects of CC juice were mostly limited to glucagon and insulin 505 

expression, and protection of tissue morphology. These findings also suggest that consumption 506 

of BC juice, and to a lesser extent CC juice, may be useful for the prevention of MetS 507 

development and progression, as well as to counter the harmful effects of the Western-type diet. 508 

Future large human intervention studies are warranted to confirm the potential of the examined 509 

juices.  510 
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