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Abstract

:

Hyperlipidemia is the root cause of numerous chronic conditions, leading to high mortality rates around the globe. Spirulina (Arthrospira platensis) microalgae serve as a promising reservoir of bioactive compounds with diverse pharmacological properties. The current study examined the nutritional profile of spirulina powder in relation to strict glycemic control, specifically focusing on its potential to lower lipid levels. In an in vivo investigation, normal healthy male Wistar albino rats (n = 60) were divided into two groups: a negative control group (NC) of ten rats and a high-fat diet group (n = 50) that were fed a cholesterol-rich diet until their cholesterol levels reached or exceeded 250 mg/dL. Subsequently, the hypercholesterolemic rats were then randomly allocated to several treatment groups: a positive control (PC); a standard treatment diet (STD) involving fenofibrate at a dose of 20 mg/kg body weight; and three experimental groups (T1, T2, and T3) that received spirulina powder supplementation at doses of 300, 600, and 900 mg per kg body weight, respectively, for the period of 12 weeks. Blood samples were analyzed for oxidative stress biomarkers, insulin levels, lipid profiles, liver function, and expression of gene levels in the diabetogenic pathway. The study utilized spectrophotometric colorimetric methods to identify oxidative stress biomarkers, serum kit methods to measure lipid profiles and liver enzymes, and the assessment of qPCR for mRNA quantity. According to the research findings, spirulina powder has certain noteworthy features. It had the greatest quantity of chlorogenic acid (4052.90 µg/g) among seven phenolics and two flavonoid compounds obtained by HPLC-UV analysis. Furthermore, the proximate analysis demonstrated that spirulina is high in protein (16.45 ± 0.8%) and has a significant energy yield of 269.51 K-calories per 100 g. A maximal spirulina dose of 900 mg/kg/wt significantly lowered oxidative stress, cholesterol, triglyceride, low-density lipoproteins (LDL), and insulin levels (p ≤ 0.05). In contrast, high-density lipoprotein (HDL) and total antioxidant capacity (TAC) levels increased significantly (p ≤ 0.05) compared to all other groups, except the NC group. The study provides remarkable proof about the pharmacological impact of spirulina powders. Significant reductions (p ≤ 0.05) in liver enzymes {alanine aminotransferase (ALT) and aspartate aminotransferase (AST)} were observed across all treatment groups, with the exception of the NC, compared to the positive control. The treatment groups had significantly greater gene expression levels of INS-1, PDX-1, IGF-1, and GLUT-2 than the positive control group (p ≤ 0.05). These findings highlight spirulina’s potential as a long-term regulator of hyperglycemia in rat models with induced hyperlipidemia, owing to its phenolic bioactive components that serve as antioxidants.
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1. Introduction


Hyperlipidemia is an international health problem that primarily affects people in the Western Hemisphere. It is a group of genetic and acquired illnesses that are defined by elevated lipid levels in the body [1]. High levels of lipoproteins and plasma lipids are indicative of the medical disorder known as hyperlipidemia. Triglycerides (TG), cholesterol esters, phospholipids, and cholesterol make up plasma lipids. The three lipoproteins that make up plasma are decreased high-density lipoprotein (HDL), low-density lipoprotein (LDL), and very-low-density lipoprotein (VLDL) [2].



Cholesterol is an essential part of cellular structure and serves as a precursor for steroid hormone synthesis. It is found in different lipoprotein classes, including HDL, LDL, and VLDL, facilitating its transport at the systemic and cellular levels [3]. The correlation between non-HDL and LDL cholesterol and the incidence of a significant adverse cardiovascular event is well-established [4]. However, it is worth noting that elevated LDL and VLDL levels serve as the primary independent risk factors for cardiovascular events. Concurrently, lower levels of HDL and higher TG are recognized as additional risk factors. Several pharmacological interventions have demonstrated effectiveness in reducing the prevalence of cardiovascular disease. These interventions target the modulation of lipid profiles by reducing total cholesterol, TG, LDL, and VLDL, as well as increasing HDL [5].



Spirulina, a cyanobacterium known for its nutritional density, is commonly used as a dietary supplement and in the creation of functional foods and beverages. Its popularity in health products underscores its superfood status, attributed to its rich protein, vitamin, and antioxidant content. Its use is particularly prominent in Europe, North America, select regions of Asia, and Oceania, where its numerous health benefits have been recognized [6]. This substantial nutritional content provides spirulina with multiple health benefits, including antioxidant, anti-inflammatory, immunomodulatory, and insulin-sensitizing characteristics, as well as favorable impacts on various disorders [7]. Initially, spirulina’s potential was harnessed for its rich vitamin and protein content [8]. It is a great source of gamma-linolenic acid (GLA) and has a protein content of 60–70 percent. It also provides essential vitamins like B12 and pro-vitamin A (beta-carotene), along with minerals like iron, showcasing its nutritional value and versatility [9]. Spirulina’s remarkable composition, including its rich gamma-linolenic acid and high protein content, continues to captivate researchers [10].



Consuming spirulina as a dietary supplement offers various health benefits, such as preventing and treating hypercholesterolemia, hyperglycemia, inflammatory diseases, allergies, cancer, drug-induced and environmental toxins, viral infections, cardiovascular disease, diabetes, and other metabolic disorders. Spirulina is often called a “superfood” because of its rich and concentrated nutritional content [11].



Spirulina has long been recognized for its ability to enhance immunity and bolster resistance against viral infections. Anecdotal evidence over the years has correlated spirulina consumption with a reduction in symptoms associated with colds and flu [12]. Users of spirulina have reported lowered levels of triacylglycerol and total cholesterol, along with elevated HDL and reduced systolic and diastolic blood pressure [13].



Numerous spirulina species are abundant in antioxidants, including phenolic compounds, beta-carotene, phycocyanin, vitamin E, micronutrients, and gamma-linolenic acid. Importantly, spirulina is recognized for its safety profile, being free of serious adverse effects [10,12]. In our present study, we aimed to assess the effectiveness of Spirulina platensis as a functional dietary intervention for managing diabetes in a high-fat diet-induced hyperlipidemia animal model by evaluating the whole nutritional composition and antioxidant profile of spirulina by using HPLC-UV and as well as the transcriptional factors of gene expressions of INS-1, PDX-1, IGF-1, and GLUT-2.




2. Materials and Methods


2.1. Procurement of Herbal Material


Spirulina (Golden Greens Organic, Rendlesham, Woodbridge, UK) powder microalgae were bought from an online market, and the quality of the spirulina was identified by a botanist from the Botany Department at Government College University Faisalabad using voucher no. 381-bot-23.




2.2. Proximate Analysis


The proximate analysis of spirulina powder was determined according to the standard procedures of AOAC [14]. The moisture, ash, and fat of the sample were estimated using the method 930.15, method 08–01, and method 30–10. For moisture content, samples (5 g) were dried in a hot-air oven (Memmert, Äußere Rittersbacher, Schwabach, Germany) at 105 °C for 1 h. Further, samples were placed in an electric muffle furnace (FHX–12, Daihan Scientific, Largo, FL, USA) to calculate the ash content at ~500–550 °C for 6 h. The crude protein was estimated using the Kjeldahl method 64–50. Furthermore, crude fiber was obtained using method no. 978.10.




2.3. Phenolic Acid Profile of Spirulina Powder by Using HPLC


The analysis of individual phenolic contents within the methanolic extract of spirulina was conducted using specialized instrumentation. This setup included a detector (SPD-10AV), a C18 column (25 cm × 4.6 mm, 5.0 μM), an oven, and a SIL-20A autosampler, all sourced from Shimadzu Scientific Instruments in Kyoto, Japan. The analytical procedure followed a specific sequence. Firstly, 0.1 g of the extract was dissolved in 1 mL of methanol, and a 10 μL volume of this solution was injected into the HPLC system. The analytical approach incorporated a linear gradient system, utilizing (solvent A) 1% (v/v) acetic acid in water and (Solvent B) methanol. The gradient elution was initiated at a concentration of 15% for the initial 00–15 min, increased to 45% during the subsequent 15–30 min, and reached full strength at 100% after 30–45 min. A consistent flow rate of 1 mL per minute was maintained, and absorbance measurements were made at a wavelength of 280 nm. To confirm the identity of analytic peaks, their retention times and UV spectra were compared with those of established reference standards, as per the methodology outlined by Soni et al. [15].




2.4. Experimental Trial and Induction of Hyperlipidemia


In the in vivo study, healthy male Wistar albino rats (n = 60) aged six weeks weighed (200 ± 250 g) were utilized and subsequently divided into two groups: one receiving a high-fat diet (n = 50) and the other serving as the negative control (NC) (n = 10). The rats in the high-fat diet group were subjected to a regimen that included 35% vegetable fat mixed into their regular chow rodent diet for a period of two months, resulting in the development of hyperlipidemia with a cholesterol level of 250 mg/dL. In contrast, the NC group continued to receive a standard rodent chow diet, known as CMD, as used previously. Following the development of hyperlipidemia, the rats were randomly assigned to five equal groups for treatments. These groups were a positive control (PC) group, which received no treatment; the standard treatment diet group (STD), which received fenofibrate orally at a dosage of 20 mg/kg body weight; and three experimental groups labeled T1 (administered spirulina powder at 300 mg/kg body weight), T2 (administered spirulina powder at 600 mg/kg body weight), and T3 (administered spirulina powder at 900 mg/kg body weight). All treatments were provided orally over a period of 12 weeks. Blood samples were taken from each group at the start of the experiment (day 0) and again at weeks 4, 8, and 12. In addition, liver and pancreatic tissue samples were collected and preserved in 10% formalin for histopathological examination, and pancreatic tissue was preserved in water for RNA extraction. In contrast, serum samples were stored at −20 °C for further analysis. It is essential to note that all experimental procedures were conducted with the approval of the ethical review board at Government College University Faisalabad, under Reference No. GCUF/ERC/311.




2.5. Oxidative Stress Parameters


2.5.1. Total Oxidant Status (TOS)


The biochemistry analyzer (Biolab-310; Biobase, Jinan, China) was utilized for spectrophotometry to determine the total oxidants in serum (105 μL). In reagent 1, 150 μM of xylenol orange, 140 mM of NaCl, and 1.35 M glycerol were poured into 25 mM of H2SO4, and the pH of the solution was 1.75. Reagent was prepared by dissolving 2, 5 mM of Fe3+ and 5 mM of 4-(4-amino-3-methoxyphenyl)-2-methoxyaniline in 25 mM of sulfuric acid. This measurement was calibrated using hydrogen peroxide (105 μL) as a standard of reference and depended on the oxidation of ferrous ions to ferric ions in a solution of various oxidant species. The absorbance was calculated at 650 nm against blank after 4 min, and the results are expressed in terms of micromolar hydrogen peroxide equivalent per liter (µmol H2O2 equiv/L) [16].




2.5.2. Total Antioxidant Capacity (TAC)


To assess the TAC in serum samples (35 μL), a spectrophotometric analysis was conducted employing the BIOLAB-310 instrument. Briefly, the solution was prepared by stirring 25 mM sulfuric acid in 140 mM sodium chloride solution. After that, 10% glycerol was mixed in the main solution, and then 250 μM Xlenol orange was dissolved. A novel automated colorimetric method was utilized, with 10 mM o-dianisidine dihydrochloride serving as the substrate. The TAC of the samples was quantified by establishing equivalence to Trolox standards, providing a reliable measure of antioxidant activity. The absorbance of the sample was read at 444 nm against blank after 3 min [16].




2.5.3. Malondialdehyde (MDA)


The concentration of MDA in serum was determined using the method and BIOLAB-310 instrument as described in the research work of Bird and Draper [17], with some modifications. Briefly, 5 mL of sample was poured into test tubes. Then, the tubes were placed in a centrifuge machine to spin at 1500 rpm for 10 to 15 min at 4 °C, and the serum was removed for MDA determination. The amount of MDA in a serum sample was then measured spectrophotometrically at a wavelength of 532 nm, providing an accurate estimate of lipid peroxidation levels [17].




2.5.4. Catalase


Catalase levels were estimated in serum samples by using a spectrophotometer described previously by Hadwan [18]. Briefly, serum sample was poured in a cuvette containing 50 mmol L−1 phosphate-buffered saline (pH 7.2) and 30 mmol L−1 hydrogen peroxide at room temperature. After being mixed vigorously and incubated for 3 min at 37 °C, ammonium molybdate was added to each tube, and the absorbance was measured at a wavelength of 240 nm for 1 min against the blank using BIOLAB-310. The following Equation (1) of first order reaction (k) was used to measure the concentration of catalase [19]:


kU = 2.303/t × [log(S°/S − M] × Vt/Vs



(1)




where



S° = optical density of standard;



S = optical density of test sample;



M = optical density of control sample;



Vt = total volume of all components;



Vs = total volume of serum sample.





2.6. Lipid Profile and Insulin


In this research work, the Crescent Diagnostic (Jeddah, Saudi Arabia) reagent kit process was utilized to calculate total cholesterol, triglycerides (TG), and high-density lipoprotein–cholesterol (HDL) spectrophotometrically (BIOLAB-310) [20,21]. The measurement of LDL was conducted using a specific formula as provided below in Equation (2) [22].


LDL − Cholesterol (mg/dL) = Total cholesterol − (TG/5) − (HDL − Cholesterol)



(2)







Serum insulin level was calculated using an ELISA (Calbiotech; Catalog No. IN374S; El Cajon, CA, USA) [23].




2.7. Serum Liver Enzymes


2.7.1. Alanine Aminotransferase (ALT)


The serum ALT levels were measured on a semi auto analyzer BIOLAB® 320 at 340 nm by using Bio-active’s ALT (GPT) SR kit (catalogue # 10498-99-93-183). We mixed 100 µL of sample, standard, or distilled water with 500 µL of R1 buffer and incubated the mixture at 37 °C for 30 min. A tube of distilled water was used as a reagent blank, which was tested alongside the standard and samples. Next, a pipette of 500 μL of reagent R2 was inserted into each tube and was kept at 25 °C for 20 min. After the second incubation, the reaction was stopped by adding diluted R3 (1:10 R 3 by distilled water). The absorbance of samples and standards was measured [24].




2.7.2. Aspartate Aminotransferase (AST)


Serum AST levels were determined on a semi auto analyzer BIOLAB® 320 at 340 nm by using a commercially available liquiform technique kit (Crescent® Diagnostic kit, Jeddah, Saudi Arabia, catalogue #15204C). A 100 µL sample was gently combined with 500 µL buffer R1 and vortexed. After 30 min of incubation at 37 °C, a reagent blank (100 μL distilled water) was utilized. Then, 500 µL of reagent R2 was pipetted into an Eppendorf tube and incubated for 20 min at 25 °C. The reaction was stopped by adding 5.0 mL of R3 (sodium hydroxide), which was then incubated for an additional 5 min. The sample absorbance was then measured at a wavelength of 546 nm against the reagent blank [25].





2.8. Histopathology


Liver and pancreatic tissue were fixed in 10% paraformaldehyde for 24 h and dried with ethanol at varied concentrations. The tissues were sectioned into 2–4 micrometer thick slices using a microtome and encased in paraffin wax. The slices were subsequently deparaffinized, stained with eosin and hematoxylin, and examined under a light microscope [26].




2.9. Gene Expression


The mRNA expression levels in pancreatic tissue were determined using the RT-qPCR technique. TRIzol reagent (Invitrogen, Waltham, MA, USA) was used to extract total RNA, and the Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to assess the concentration and purity of the RNA that was extracted. The RevertAid cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) was used to reverse transcribe total extracted mRNA to cDNA in accordance with the manufacturer’s instructions. Maxima SYBR Green/ROX qRT-PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) was analyzed using BIO-RAD iQ5 Multicolor Real-Time PCR Optical Module equipment. INS1, PDX1, IGF1, and Glut-2 expression profiles were measured in the pancreas. The housekeeping/reference genes GAPDH were used for standardization [16,27]. Specific primer sequences were used to amplify the genes (INS1, PDX1, IGF1, and Glut-2 genes) as described in Table 1.




2.10. Statistical Analysis


The data collected from various parameters are presented as mean ± SEM. To analyze these data, a two-way analysis of variance was conducted using Prism Pad 9.2.0 software. Subsequently, post hoc significant Duncan multiple range tests were applied through the use of Costat 2.0, especially when groups showed significant differences from each other, with the level of significance set at p ≤ 0.05.





3. Results


3.1. Proximate Analysis of Spirulina Powder


The examined spirulina powder included large amounts of important nutrients. Carbohydrates (38.17 ± 1.7%), proteins (16.45 ± 0.8%), and crude fiber (16.46 ± 0.8%) of spirulina powder were the primary components. Additionally, the crude fat (5.67 ± 0.2%) and ash content (15.69 ± 0.7%) were measured. Notably, the energy yield for 100 g of spirulina powder was 269.51 K calories. These findings provide important information on the nutritional quality of the analyzed material, as shown in Table 2.




3.2. Phenolic and Flavonoid Contents Through HPLC


Several phenolic compounds were found in a chromatographic study of spirulina powder (Figure 1, Table 3). Chlorogenic acid had the greatest concentration at 4052.90 µg/g, indicating its abundance in the sample. P-coumaric acid was found in the lowest concentration at 55.03 µg/g. The study found two flavonoid molecules, with quercetin having the greatest quantity at 107.15 µg/g. Rutin had the lowest concentration, measured at 12.39 µg/g. These findings add to the understanding of the bioactive elements of spirulina powder, which may influence its health-related aspects, as shown in Figure 1.




3.3. Body Weight


During the baseline period (zero weeks), there was no significant change in all groups, except the negative control (NC) given free access to a standard diet. The body weight of NC rats was increased with increasing age. Body weight declined significantly (p ≤ 0.05) in the treatment groups compared to the PC (positive control) in the fourth and eighth weeks, while remaining constant in the standard treatment diet (STD) group. In the 12 weeks, body weight eventually considerably decreased (p ≤ 0.05) in treatment groups T1 (309 ± 6.95 g), T2 (291 ± 4.92 g), and T3 (288 ± 1.51) compared to STD (284 ± 1.49), but declined significantly (p ≤ 0.05) when compared to PC (348 ± 7.91), as shown in Table 4.




3.4. Oxidative Stress Parameters


All test individuals who received spirulina powder showed a significant reduction in their overall levels of total oxidative stress (TOS) following the completion of the 12-week treatment period. This reduction was statistically significant (p ≤ 0.05) when compared to the positive control (PC) group. Though the change did not reach statistical significance (p > 0.05) when compared to the NC group, the TOS levels were comparable between the spirulina-treated subjects and the NC group at the end of treatment after 12 weeks. Overall, TOS was decreased significantly (p ≤ 0.05) in all spirulina-powder-treated groups as compared to the PC (positive control) but non-significant (p ≥ 0.05) to the NC (Figure 2a). Overall total antioxidant capacity (TAC) status was increased significantly at the end of 12 weeks (p ≤ 0.05) in all spirulina-powder-treated groups as compared to the PC but decreased compared with the NC, except T3, which was non-significant (p ≥ 0.05) compared to NC (Figure 2b). Malondialdehyde (MDA) levels were significantly (p ≤ 0.05) decreased in spirulina-treated groups but were found to be increased as compared to the NC group (Figure 2c). Catalase levels were significantly (p ≤ 0.05) increased as compared to the PC group but were found to be decreased (p ≤ 0.05) as compared to the NC at the end of treatment at 12 weeks (Figure 2d). These findings demonstrate spirulina’s potential as a modulator of oxidative stress and antioxidant defense mechanisms.




3.5. Lipid Profile


In the 12-week clinical research, spirulina powder administration was linked to a noteworthy reduction in serum cholesterol levels in all treatment cohorts (T1, T2, and T3) when compared to the comparator groups, except the NC. Significantly, compared to the positive control (PC) group, the spirulina regimen resulted in a drop in cholesterol concentrations; the T3 group showed the greatest significant reduction, measured at (68.8\pm 1.4) mg/dL. These results highlight spirulina’s potential as a powerful regulator of lipid metabolism, as seen in Figure 3a.



Since spirulina has a high content of antioxidants, it is possible to explain the observed drop in total triglyceride levels between the groups receiving therapy (T1, T2, and T3), except for the NC. These antioxidants are essential for reducing inflammation in the body. It is well recognized that chronic inflammation interferes with regular metabolic functions, such as lipid metabolism. Spirulina may improve the body’s capacity to metabolize lipids effectively, preferring the creation of energy over the storage of fat, by lowering inflammation. The observed considerable drop in triglyceride levels (p ≤ 0.05) in comparison to other groups is explained by this shift in metabolic preference, whereby the body uses the available lipids for energy instead of storing them as fat.



The low-density lipoprotein values in all three therapy subgroups (T1, T2, and T3) were significantly lower (p ≤ 0.05) than those in the other groups (NC excluded). Low-density lipoprotein levels were considerably lower (p ≤ 0.05) in the STD (29.7 ± 0.9 mg/dL) and treatment groups T1 (29.5 ± 0.9 mg/dL), T2 (29 ± 0.9 mg/dL), and T3 (25.7 ± 0.7 mg/dL) compared to the PC (40.3 ± 0.86 mg/dL). Except for the NC, all groups showed no significant change at zero weeks (p ≤ 0.05). Low-density lipoprotein levels in the PC rose dramatically between the fourth and eighth weeks when compared to other groups. Low-density lipoprotein levels decreased significantly (p ≤ 0.05) in the STD (27.9 ± 1.43 mg/dL) and treatment groups T1 (26.8 ± 1.27 mg/dL), T2 (25.7 ± 1.12 mg/dL), and T3 (20 ± 0.82 mg/dL) compared to the PC (43.7 ± 0.93 mg/dL), as shown in Figure 3c.



In our 12-week trial, spirulina powder treatment resulted in a substantial increase in LDL levels in groups T1, T2, and T3 compared to the other groups, with the exception of the NC. Notably, the spirulina-treated groups had increased LDL levels compared to the positive control (PC) group. LDL levels remained higher in spirulina-treated groups after 12 weeks, with group T3 showing the highest significant effect (46.8 ± 2.46 mg/dL), as shown in Figure 3d. These findings emphasize spirulina’s potential impact on lipid metabolism.




3.6. Serum Insulin


Serum insulin was decreased significantly (p ≤ 0.05) in T1 (19.24 ± 0.62 µ lU/mL), T2 (17.45 ± 0.5 µ lU/mL), and T3 (20 ± 0.61 µ lU/mL), as compared to the PC (22.77 ± 1.02 µ lU/mL), but increased as compared to the NC (15.45 ± 0.40 µ lU/mL) at the end of 12 weeks and treatment, as shown in Figure 4.




3.7. Serum ALT and AST


ALT was significantly reduced (p ≤ 0.05) in the STD (68.8 ± 1.09 U/L) and treatment groups T1 (74.4 ± 1.3 U/L), T2 (71 ± 1.41 U/L), and T3 (62 ± 0.95 U/L) as compared to the PC (86 ± 1.8 U/L). In the fourth and eighth weeks, ALT level significantly rose in the PC as compared to other groups. At 12 weeks, the ALT level was a noteworthy (p ≤ 0.05) decrease in the STD (60.8 ± 0.39 SGPT) and treatment groups T1 (64.1 ± 1.62 U/L), T2 (57 ± 1.45 U/L), and T3 (42.6 ± 0.65 U/L) as compared to the PC (90.7 ± 2.48 U/L) group at 0, 4, 8, and 12 weeks, as shown in Table 5.



AST was significantly reduced (p ≤ 0.05) in the STD (162 ± 5.6 U/L) and treatment groups T1 (144 ± 1 U/L), T2 (494 ± 1.6 U/L), and T3 (133.5 ± 1.3 U/L) as compared to the PC (176 ± 3.8 U/L). The AST levels were non-significant (p ≤ 0.05) in treatment groups (T1, T2, and T3) as compared to other groups except the NC. At 0 weeks, there was a non-significant (p ≤ 0.05) change in all groups except the NC. In the fourth and eighth weeks, AST level significantly rose in the PC as compared to other groups. At 12 weeks, the AST level was significantly (p ≤ 0.05) decreased in the STD (148 ± 2.24 U/L) and treatment groups T1 (110 ± 1.02 U/L), T2 (107 ± 0.77 U/L), and T3 (96.3 ± 0.79 U/L) as compared to the PC (177 ± 1.45 U/L) group at 0, 4, 8, and 12 weeks, as shown in Table 5.




3.8. Histopathology Evaluation of the Liver and Pancreas


3.8.1. Pancreatic Tissues


Photomicrographs (400X) displaying the histology of pancreatic tissue from rats stained with H&E are shown in Figure 5, where blue stars show the beta cells, the yellow arrow shows the exocrine portion, and the straight line shows the length of islets of Langerhans. In the NC group, the pancreas of rats showed normal pancreatic cells and fully functional islets of Langerhans. However, the pancreas of the positive control (PC) group depicted a smaller number of beta cells as well as the shrinkage of islets of Langerhans. Rats in the STD, standard treatment group (200 mg/kg Fenoget), had pancreas tissue with a lesser number of islets associated with deformities compared to a normal structure. Treatment groups (T1-T3) and T1 (300 mg/kg body weight) demonstrated loss of cellular contents, small-sized islets of Langerhans, and apoptosis of β-cells. The histological architecture was restored in T2 and T3 (600 mg/kg and 900 mg/kg NC (normal control), the PC (positive control), the STD group (Fenoget oral dose of 20 mg/kg body weight), and different spirulina-powder-treated groups: T1 (300 mg/kg body weight), T2 (600 mg/kg body weight), and T3 (900 mg/kg body weight), for a three-month period in high-fat-diet-induced hyperlipidemic rats considering p ≤ 0.05, displaying normal pancreatic parenchyma with fully functional β-cells in the islets of Langerhans, as illustrated in Figure 5.




3.8.2. Liver Tissue


The hepatocyte architecture and portal vein size were found to be normal in the NC group. Additionally, there was no fat accumulation, and the structures in the histogram were arranged in a well-organized manner in the NC group. However, histological analysis of the PC showed cellular infiltration, hepatocyte death, portal vein deformation, and fat buildup in the liver, in addition to the loss of cellular contents, which are visible due to hyperlipidemia, shown in Figure 6.



Additionally, there was cellular infiltration and larger portal vein diameters in the livers of the STD group. Within the treatment group, T1 exhibited cellular infiltration or destruction along with structural abnormalities as compared to T2 and T3 (600 mg/kg body weight and 900 mg/kg body weight) spirulina-powder-treated groups. In the T2 and T3 (600 mg/kg body weight and 900 mg/kg body weight) groups, there was a regrowth of the normal histological structure exhibiting normal hepatic parenchyma, as shown in Figure 6.





3.9. Gene Expression


INS-1 expression was significantly (p ≤ 0.05) upregulated in the STD (1.93 ± 0.02) and treatment groups T1 (1.94 ± 0.01), T2 (1.98 ± 0.01), and T3 (1.92 ± 0.01) as compared to the PC (0.66 ± 0.01) at the end of 12 weeks of treatment (Figure 7a). IGF-1 expression was significantly (p ≤ 0.05) downregulated in the STD (0.79 ± 0.14) and treatment groups T1 (0.80 ± 0.15), T2 (0.82 ± 0.15), and T3 (0.79 ± 0.15) as compared to the PC (0.27 ± 0.04) at the end of 12 weeks of treatment (Figure 7b). PDX-1 expression was significantly (p ≤ 0.05) upregulated in the STD (0.40 ± 0.20) and treatment groups T1 (0.40 ± 0.20), T2 (0.41 ± 0.20), and T3 (0.40 ± 0.19) as compared to the PC (0.27 ± 0.04) at the end of 12 weeks of treatment (Figure 7c). GLUT-2 expression was significantly (p ≤ 0.05) downregulated in the STD (0.66 ± 0.63) and treatment groups T1 (0.66 ± 0.63), T2 (0.67 ± 0.65), and T3 (0.65 ± 0.63) as compared to the PC (0.23 ± 0.21) at the end of 12 weeks of treatment (Figure 7d).



Statistical analysis showed the major contribution of Dim 1 (57.3%) and Dim 2 (25.7%). Catalase (CAT), TAC, and HDL had positive correlation with each other, while negatively co-relating with body weight, TG, TOS, MDA, insulin, LDL, and TL (Figure 8).





4. Discussion


Hyperlipidemia increases the risk of the development of diabetes [28]. In hyperlipidemia conditions, cells contain as much cholesterol as a pool that leads to lipid peroxidation of the cell membrane. Such altered cell membranes leak peroxide and free radicals from the cell. Such an imbalance between antioxidants and free radicals develops into oxidative stress [29]. In the current study, hyperlipidemia rats developed glucolipid alteration, which promotes oxidative stress. Fatty acid and triglyceride production is driven by excess glucose in the liver, and the rate at which the liver secretes substantial amounts of triglyceride particles causes insulin sensitivity [30]. Significantly increased levels of INS-1, IGF-1, PDX-1, and GLUT-2 transcriptional factors in PC indicate glucose dysregulation, which ultimately disrupts the homeostasis of the lipid metabolism by our recent findings of increased levels of TC, TGR, and LDL, which led to lipid peroxidation of pancreatic β-cells, resulting in cellular damage. β-Cells are reduced in number, thereby reducing the production of insulin and the onset of diabetes type 2. However, the level of serum insulin in the PC group is increased due to increased resistance to insulin sensitivity due to lipid peroxidation of insulin receptors present throughout the body. Such a condition leads to persistent hyperglycemia. Oxidative stress plays a crucial role in the new onset of diabetes [30] and the development of cardiovascular complications [31]. Production of higher levels of reactive oxygen species (ROS) worsens the pancreatic β-cells’ activity and results in decreased insulin secretion [32]. However, serum glucose and insulin levels decreased in spirulina-treated groups at different dose levels. We speculate that total oxidative stress was reduced due to increased total antioxidant capacity (TAC) in spirulina-treated groups in a dose-dependent manner, maximally with a dose of 900 mg/kg body weight (Figure 3b). Phenolic compounds like chlorogenic acid, p-coumaric acid, synaptic acid, gallic acid, salicylic acid, HB acid, and vanillic acid present in spirulina powder as secondary metabolites of the plant and possess the natural tendency to neutralize the free radicals produced during lipid peroxidation [33]. The antidiabetic effects of spirulina powder were augmented due to the presence of the flavonoids quercetin, having antioxidant and anti-inflammatory properties, and rutin, by decreasing absorption of carbohydrates from the small bowel, inhibiting gluconeogenesis and stimulating insulin section from pancreatic β-cells [7].



The level of MDA was also increased in the PC group but decreased in spirulina-treated groups at different levels. MDA is a marker of lipid peroxidation and is increased in diabetic groups [34]. It is speculated that the antioxidants present as phenolic compounds such as p-numeric acid, gallic acid, and chlorogenic acid may neutralize the MDA, thereby reducing lipid peroxidation. The level of catalase as an antioxidant was increased in spirulina-treated groups as compared to hyperlipidemia rats. Catalase functions as an antioxidant, which scavenges the free radical as well as breaking down free radical hydrogen peroxide into water and molecular oxygen. Previously, serum catalase levels were found to be lower in diabetic individuals as compared to healthy persons [35]. In spirulina-treated groups at different dose levels, TC, TGR, and LDL were reduced. Phycocyanin, a water-soluble protein in spirulina powder, potentially reduces blood cholesterol and atherogenic index while increasing the level of HDL [36]. The activity of these medicines in decreasing serum cholesterol may be strongly related to the inhibition of cholesterol absorption in the jejunum caused by micellar solubility of cholesterol [37]. Among lipoproteins as a transporter of lipids between various cells and tissues are apolipoproteins. Apolipoproteins, as lipid carriers, increase binding affinity with lipoprotein receptor sensitivity, thereby increasing cellular consumption of lipids to help in the regulation of lipid homeostasis [38].



Serum alanine transaminase (ALT) and aspartate aminotransferase (AST) were increased in the hyperlipidemia group but decreased in spirulina in different dose-treated groups at the same level. The elevated plasma activity of the AST, ALT, and ALP enzymes in rats fed a diet high in fat shows that oxidative damage to tissues also results in hepatocyte injury. These enzymes are regarded as indicators of liver dysfunction. These enzymes are typically transferred to the plasma as a result of hepatocyte injury. Rats fed a high-fat diet had higher plasma levels of triglycerides and cholesterol, which led to the development of lipotoxicity and lipid buildup in the liver [39].



In the current study, body weight gain was reduced in hyperlipidemic rats when they were administered spirulina powder at 300, 600, and 900 mg/kg body weight due to the capacity of spirulina powder that decreased the food intake. Mechanistically, the gut-derived hormone ghrelin increased appetite in the PC hyperlipidemia group. At the same time, GLP-1 (glucagon-like peptide-1) and cholecystokinin decreased appetite in spirulina powder treated at different dose level groups. Previously, spirulina’s active ingredient may also have reduced body weight gain by decreasing glucose levels and promoting insulin sensitivity [40]. This confirms that serum insulin levels in different dose levels were decreased and sustained as compared to the hyperlipidemia-induced group at the end of 12 weeks. Moreover, proximate analysis of spirulina powder in the current study showed the presence of higher fiber content (16.46%), which functionally provides strict glycemic control by reducing gastric emptying; amylase inhibition leading to delayed breakdown of starch; and further reduction in the diffusion of carbohydrate metabolites through microvilli, enhancing the absorptive barrier of amylolytic product through the mucosa. Such characteristics of dietary fiber present in functional food provide physiological bases for the strict control of hyperglycemia [41].



Along with fiber, spirulina powder contains seven different phenolic acids as bioactive compounds, among which, chlorogenic acid (4052.90 µg/g) at the highest amount reduced hyperglycemia in hyperlipidemic rats. Spirulina contains some phytochemicals that prevent the enzyme glucose-6-phosphatase from working. Those who have diabetes along with other related illnesses may benefit from this inhibition. Plant-based foods naturally contain p-coumaric acid, which adds to dietary diversity. Rutin and quercetin are two examples of flavonoids that have anti-inflammatory and antioxidant qualities. These substances can prevent chronic illnesses. Regular ingestion of these chemicals is needed to maximize their beneficial effects in disease prevention. Quercetin interacts with molecular targets in the pancreas, small intestine, skeletal muscles, liver, and adipose tissue to control glycemic homeostasis of the whole body. Quercetin is an intriguing alternative for diabetes management because of its pleiotropic effects on glucose metabolism and insulin dynamics. Quercetin facilitates the translocation of GLUT4 to the cell membrane, which aids in the absorption of glucose by muscle and adipocytes [42].



In the current study, spirulina powder supplementation significantly enhanced mRNA levels of INS-1, IGF-1, PDX-1, and GLUT-2 transcriptional factors involved in the synthesis of insulin by pancreatic β-cells, resulting in a reduction of blood glucose levels. Upregulation of insulin regulatory enzymes favors the hypochloremic, antioxidative, and antidiabetic agents as bioactive polyphenols present in the crude powder of spirulina as a functional food.




5. Conclusions


A natural product with strong antioxidant qualities, spirulina powder contains phenolic and flavonoid components. In the long-term feeding study, rats were provided with varying levels of spirulina powder supplementation for the period of 12 weeks in which the highest dose of spirulina powder at 900 mg/kg body weight was reported to possess lipid-lowering properties and antioxidant properties due to its high concentration of bioactive substances that may interact with lipid metabolic pathways along with its high potential to enhance the insulin sensitivity and glucose uptake in tissues by transcriptional modulation of different genes. Research has shown that specific bioactive compounds in spirulina can impact INS-1 gene transcription, leading to increased insulin production. It may also show its effects on PDX-1 transcriptional activity by enhancing insulin production and β-cell function, as well as on the GLUT-2 gene that is responsible for glucose uptake in the liver and pancreatic β-cells. The interaction between spirulina’s bioactive elements and cellular signaling pathways could result in the upregulation or downregulation of key genes involved in glucose and lipid metabolism, leading to better safety profile in terms of toxicity. These preliminary findings are promising, conclusively showing that spirulina appears to have beneficial effects on hyperlipidemia and glycemic balance, which may be mediated through the transcriptional modulation of genes and means it can be used as an ideal functional food for the treatment of these metabolic conditions and others that can be validated through rigorous clinical trials.
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Figure 1. Quantitative analysis of various phenolic and flavonoid compounds in spirulina powder by HPLC-UV chromatogram. 
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Figure 2. Oxidative stress biomarkers. (a) Total oxidative stress (TOS), (b) total antioxidant capacity (TAC), (c) malondialdehyde, and (d) catalase levels in the NC (normal control), PC (positive control), STD group (Fenoget oral dose of 20 mg/kg), and different spirulina-powder-treated groups: T1 (300 mg/kg body weight), T2 (600 mg/kg body weight), and T3 (900 mg/kg body weight), for a 12 week period in high-fat-diet-induced dyslipidemic rats. This means values with different superscripts are significantly different from each other (p ≤ 0.05). a–d Different superscripts on bars show a significant difference between different groups (Duncan’s test). Various bars represent concentration gradient variations; higher concentrations correlate with higher percent inhibition. 
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Figure 3. Lipid profile showing (a) cholesterol (mg/dL), (b) triglycerides (TG) (mg/dL), (c) low-density lipoprotein (LDL) (mg/dL), and (d) high-density lipoprotein (HDL) (mg/dL) levels in the NC (normal control), PC (positive control), STD group (Fenoget oral dose of 20 mg/kg body weight), and different spirulina-powder-treated groups: T1 (300 mg/kg body weight), T2 (600 mg/kg body weight), and T3 (900 mg/kg body weight), for a 12 week period in high-fat-diet-induced hyperlipidemic rats considering p ≤ 0.05. Positive partial correlation—orange color, negative partial correlation—black color. 
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Figure 4. Serum insulin in the NC (normal control), PC (positive control), STD group (Fenoget oral dose of 20 mg/kg body weight), and different spirulina-powder-treated groups: T1 (300 mg/kg body weight), T2 (600 mg/kg body weight), and T3 (900 mg/kg body weight), for a three-month period in high-fat-diet-induced hyperlipidemic rats. a–e Different superscripts on bars show a significant difference between different groups (Duncan’s test). 
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Figure 5. Histo-micrograph of pancreatic tissues collected from the NC, PC, STD, and different spirulina-powder-treated groups: T1 (300 mg/kg body weight), T2 (600 mg/kg body weight), and T3 (900 mg/kg body weight), for three months in high-fat-diet-induced dyslipidemic rats. Blue stars show the beta cells, the yellow arrow shows the exocrine portion, and the straight line shows the length of islets of Langerhans. 
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Figure 6. Histo-micrograph of liver tissues collected from the NC, PC, STD, and different spirulina-powder-treated groups: T1 (300 mg/kg body weight), T2 (600 mg/kg body weight), and T3 (900 mg/kg body weight), for three months in high-fat-diet-induced dyslipidemic rats. 
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Figure 7. Gene expression of INS-1 (a), IGF-1 (b), PDX-1 (c), and GLUT-2 (d) (mRNA expression levels ± SEM) in the NC (normal control), PC (positive control), STD group (Fenoget oral dose of 20 mg/kg body weight), and different spirulina-powder-treated groups: T1 (300 mg/kg body weight), T2 (600 mg/kg body weight), and T3 (900 mg/kg body weight), for the three-month period in high-fat-diet-induced dyslipidemic rats. a–f Different superscripts on bars show a significant difference between different groups (Duncan’s test). Various bars represent concentration gradient variations; higher concentrations correlate with higher percent inhibition. 
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Figure 8. Principal component analysis showing the relation among various attributes studied over 12-week periods in high-fat-diet-induced dyslipidemic rats treated with spirulina powder. 
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Table 1. Primer sequences for gene expression analysis.
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Genes

	
Sequence






	
INS-1

	
Forward

	
AGGCTCTGTACCTGGTGTGTG




	
Reverse

	
CGGGTCCTCCACTTCACGAC




	
PDX-1

	
Forward

	
TCCCGAATGGAACCGAGACT




	
Reverse

	
TTCATCCACGGGAAAGGGAG




	
IGF-1

	
Forward

	
ACCCGGGACGTACCAAAATG




	
Reverse

	
CCGAGCTGGTAAAGGTGAGC




	
GLUT-2

	
Forward

	
GGCATGTTTTTCTGTGCCGT




	
Reverse

	
AAGAACACGTAAGGCCCGAG











 





Table 2. Percentages of proximate components found in spirulina powder.
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	Parameters
	Result (%)





	Moisture
	7.56 ± 0.3



	Ash
	15.69 ± 0.7



	Crude fat
	5.67 ± 0.2



	Protein (N*6.25)
	16.45 ± 0.8



	Carbohydrates
	38.17 ± 1.7



	Crude fiber
	16.46 ± 0.8



	K-Calories/100 g
	269.51










 





Table 3. Quantitative analysis of various phenolic and flavonoid compounds in spirulina powder by HPLC-UV chromatogram.






Table 3. Quantitative analysis of various phenolic and flavonoid compounds in spirulina powder by HPLC-UV chromatogram.





	No.
	Compound
	Peak Area (mAU/min)
	K Factor
	Conc. (μg/g)





	1
	Chlorogenic acid
	21,331,085.5
	0.00019
	4052.906



	2
	P-Coumaric acid
	1,941,105.9
	0.0003
	582.3318



	3
	Gallic Acid
	3,514,736.1
	0.000079
	277.6642



	4
	Hydroxybenzoic acid-acid
	1,507,741.8
	-
	-



	5
	Vinallic acid
	3,237,237.3
	0.00044
	1424.384



	6
	Sinapic acid
	2,798,676.8
	0.00005
	139.9338



	7
	Salicylic acid
	2,730,988.6
	0.000377
	1029.583



	8
	Querctin
	1,127,940.7
	0.000095
	107.1544



	9
	Rutin
	31,310.1
	-
	-










 





Table 4. Body weight (g ± SEM) of rats in NC, PC, STD, and different spirulina powder treated groups within the 12 weeks of the experimental protocol.






Table 4. Body weight (g ± SEM) of rats in NC, PC, STD, and different spirulina powder treated groups within the 12 weeks of the experimental protocol.





	Group
	0 Day
	4 Weeks
	8 Weeks
	12 Weeks
	BWG (%)





	NC
	154 ± 2.79 d
	172 ± 2.54 c
	196 ± 3.95 b
	204 ± 1.89 a
	33.0



	PC
	236 ± 3.21 d
	278 ± 5.55 c
	312 ± 7.91 b
	348 ± 8.31 a
	47.6



	STD
	235 ± 3.19 d
	254 ± 4.14 c
	273 ± 5.53 b
	284 ± 6.49 a
	20.7



	T1
	236 ± 3.21 d
	254 ± 4.14 c
	266 ± 4.52 b
	309 ± 6.95 a
	30.9



	T2
	234 ± 3.18 d
	254 ± 4.14 c
	266 ± 4.53 b
	291 ± 5.92 a
	24.1



	T3
	235 ± 3.19 d
	256 ± 4.19 c
	261 ± 4.48 b
	288 ± 6.51 a
	22.5







NC (normal control), PC (positive control), STD group (Fenoget oral dose of 20 mg/kg), and different spirulina-powder-treated groups: T1 (300 mg/kg body weight), T2 (600 mg/kg body weight) and T3 (900 mg/kg body weight), for a 12-week period in high-fat-diet-induced hyperlipidemic rats considering p ≤ 0.05). a–d Different superscripts on bars show a significant difference between different groups (Duncan’s test).













 





Table 5. Serum ALT and AST levels in the NC, PC, STD, and different spirulina-powder-treated groups within the 12 weeks of the experimental protocol.






Table 5. Serum ALT and AST levels in the NC, PC, STD, and different spirulina-powder-treated groups within the 12 weeks of the experimental protocol.





	
Groups

	
Alanine Transaminase (U/L)

	
Aspartate Aminotransferase (U/L)




	
0 Day

	
4 Weeks

	
8 Weeks

	
12 Weeks

	
Mean ± SEM

	
0 Day

	
4 Weeks

	
8 Weeks

	
12 Weeks

	
Mean ± SEM






	
NC

	
35.1 ± 0.5

	
35.2 ± 1.2

	
37.9 ± 0.3

	
35.9 ± 0.7

	
36.02 ± 0.7

	
95.1 ± 0.8

	
93.9 ± 0.7

	
94.5 ± 0.87

	
94.2 ± 0.75

	
94.42 ± 0.79




	
PC

	
84.1 ± 1.0

	
87.5 ± 1.6

	
91.7 ± 1.6

	
92.2 ± 1.5

	
88.87 ± 1.4

	
178.7 ± 0.5

	
177.9 ± 0.4

	
178.2 ± 0.4

	
180.8 ± 0.79

	
178.9 ± 0.54




	
STD

	
87.2 ± 1.5

	
82.9 ± 1.6

	
73.9 ± 1.9

	
66 ± 1.88

	
77.5 ± 1.7

	
178.7 ± 0.5

	
166.4 ± 0.9

	
153.2 ± 1.5

	
141 ± 1.11

	
159.82 ± 1.0




	
T1

	
85 ± 1.87

	
78.5 ± 1.2

	
72.9 ± 1.4

	
68.9 ± 1.3

	
76.32 ± 1.4

	
177.9 ± 0.4

	
159.6 ± 1.5

	
129.8 ± 1.1

	
111.7 ± 1.80

	
144 ± 1.22




	
T2

	
86.4 ± 0.8

	
76.7 ± 0.8

	
65.3 ± 0.9

	
59.7 ± 0.8

	
72.02 ± 0.8

	
178.2 ± 1.4

	
159.3 ± 1.3

	
134.7 ± 1.7

	
106.2 ± 0.70

	
144.6 ± 1.31




	
T3

	
85.8 ± 1.2

	
78.5 ± 1.2

	
67 ± 1.40

	
37.9 ± 1.7

	
67.3 ± 1.4

	
180.8 ± 0.7

	
149.7 ± 2.9

	
118.9 ± 1.8

	
94.1 ± 0.74

	
94.42 ± 0.8








NC (normal control), PC (positive control), STD group (Fenoget oral dose of 20 mg/kg body weight), and different spirulina-powder-treated groups: T1 (300 mg/kg body weight), T2 (600 mg/kg body weight), and T3 (900 mg/kg body weight), for a three-month period in high-fat-diet-induced hyperlipidemic rats considering p ≤ 0.05.
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