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Abstract

:

Comorbidities associated with obesity, including diabetes and kidney diseases, greatly increase mortality rates and healthcare costs in obese patients. Studies in animal models and clinical trials have demonstrated that L-serine supplementation is a safe and effective therapeutic approach that ameliorates the consequences of obesity. However, little is known about the effects of L-Serine supplementation following high-fat diet (HFD) consumption and its role in the mRNA expression of markers of kidney injury. We provide a descriptive action by which L-serine administration ameliorated the consequences of HFD consumption in relation to weight loss, glucose homeostasis as well as renal mRNA expression of markers of kidney injury. Our results indicated that L-Serine supplementation in drinking water (1%, ad libitum for 12 weeks) in male C57BL/6J mice promoted a significant reduction in body weight, visceral adipose mass (epididymal and retroperitoneal fat pads) as well as blood glucose levels in mice consuming a HFD. In addition, the amino acid significantly reduced the mRNA expression of the Kidney Injury Marker 1 (KIM-1), P2Y purinoceptor 1 (P2RY1), as well as pro-inflammatory cytokines (IL-6 and TNFα). L-serine administration had no effect on mice consuming a standard chow diet. Collectively, our findings suggest that L-serine is an effective compound for long-term use in animal models and that it ameliorates the metabolic consequences of HFD consumption and reduces the elevated levels of renal pro-inflammatory cytokines occurring in obesity.
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1. Introduction


Over the last decade, anti-obesity drug discovery programs have increasingly aimed to identify novel drug targets as a response to the consequences of an obesogenic environment in the developed and developing world [1]. Preclinical and clinical investigations have clearly demonstrated that comorbidities associated with obesity, including cardiovascular and kidney diseases, diabetes, and some cancers, greatly increase mortality rates of obese patients as well as public healthcare costs [2,3]. Among several emerging therapeutic compounds, L-serine supplementation has produced promising anti-obesity results [4,5,6], and it is generally considered safe by the Food and Drug Administration (FDA) [7]. L-serine is an important proteinogenic amino acid, and it is classified as a nutritionally non-essential (dispensable) amino acid, which plays several metabolic roles in a broad range of cellular processes, including protein, sphingolipids, and phospholipids synthesis as well as neurotransmission [5].



Recent interest has turned to understanding the role of L-serine deficiency in patients with diabetes mellitus [8]. In children with type 1 diabetes (T1D), plasma concentrations of L-serine were decreased by 42% compared to controls [9]. Similar results were also reported in patients with type 2 diabetes (T2D) [10,11]. Interestingly, postprandial levels of L-serine were reduced in patients with T2D compared to non-diabetic controls [12]. In addition, L-serine deficiency plays a role in diabetic neuropathy [5], and recent evidence suggests that an altered L-serine metabolism could lead to the production of a-typical sphingolipids, termed 1-deoxysphingolipids (1-DSL), which are significantly elevated in patients with impaired fasting glucose and T2D [13,14]. Indeed, there is evidence that high doses of L-serine reduce 1-DSL levels in mice as well as patients with hereditary sensory autonomic neuropathy type 1, potentially slowing disease progression [15,16]. In a recent study, high L-serine concentrations have also been correlated with improved insulin secretion and sensitivity in non-diabetic men aged between 45 and 73 years and associated with improved glucose tolerance after a 2-h oral glucose tolerance test [17].



Current literature suggests there is a link between impaired metabolism of L-serine and renal functions [18,19]. For instance, plasma concentrations of L-serine decrease in patients with chronic renal disease while concentrations of its enantiomer, D-serine, increase [18]. Concurrently, there is evidence of elevated concentrations of both IL-6 and TNF-α in renal disease [20] associated with the alteration of the Kidney Injury Molecule 1 (KIM-1), a promising biomarker in preclinical kidney toxicity evaluation and in various human kidney diseases [21]. Purinergic signaling is also highly involved in renal functions, as multiple purinergic receptors are expressed in all segments of the nephron and renal cells [22]. Among those receptors, specifically, P2 receptors and its subtype P2Y1R, have been associated with endothelial dysfunction in kidney disease [23,24].



Little is known about the effects of L-serine supplementation following HFD consumption and its role in the mRNA expression of markers of kidney injury. Thus, we investigated whether L-serine supplementation would have a beneficial and preventive effect on the metabolic consequences of HFD consumption in mice. In addition, we measured the renal mRNA expression of kidney injury marker KIM-1 as well as proinflammatory cytokines, including IL-6 and TNF-α.




2. Materials and Methods


2.1. Ethics Statement


This study was approved by the Animal Ethics Committee of the University of Tasmania (A0017915) and conducted in accordance with the Tasmanian Animal Welfare Act (1993/63) and the Australian Code for the Care and Use of Animals for scientific purposes.




2.2. Animals, Diet, and L-Serine Supplementation


Male C57BL/6J mice (n = 36, 5-week-old, Animal Services, University of Tasmania) were housed at 20 ± 2 °C and maintained on a 12:12 h light/dark cycle. After one week of acclimatization, one group of mice was fed a standard chow diet (12.8 MJ/kg, 6% fat, 20% protein, 3.2% crude fiber, Barastoc, Melbourne, VIC, Australia), whilst the other group was fed a commercial high-fat pelleted diet (HFD) (19.4 MJ/kg, 23.5% fat, 23% protein, 5.4% crude fiber, Specialty Feeds, Glen Forest, Western Australia) ad libitum. After 5 weeks, within each dietary cohort, half of the mice received L-serine in their drinking water at 1% (wt/vol) ad libitum, while the control group received only water, as previously reported [25,26,27,28,29]. This yielded 4 groups: chow, chow + L-serine, HFD, and HFD + L-serine. Dietary and L-serine intervention continued for 12 weeks. During the study, body weight, energy, and drinking intake were recorded weekly. Mice were euthanized via carbon dioxide inhalation for tissue collection. After euthanasia, mice kidneys were removed, frozen in liquid nitrogen then stored at −80 °C for determination of gene expression. Epididymal white adipose tissue (WAT) and retroperitoneal WAT (Rp WAT) were dissected and weighed.




2.3. Glucose Tolerance Test


A glucose tolerance test (GTT) was performed at 3 distinct time points: prior to the start of L-serine administration, after 4 four weeks of L-serine administration, and at the end of the experiment after 12 weeks of L-serine administration. Mice were fasted for 14 hours (7:00 p.m.–9:00 a.m.) prior to GTT. A blood sample was collected from the tail tip to establish baseline glucose levels (T0) using a glucose meter (Accu-Chek Performa II handheld glucose meter (Cat# 279873, Roche, Basel, Switzerland)). Mice were then administered 2 g glucose/kg body weight (i.p.). Blood glucose levels were measured at 15, 30, 60, 90, and 120 min and expressed as glucose levels above baseline, T0, when mice were injected with glucose. The area under the curve (AUC) was calculated for each mouse.




2.4. RT-qPCR Assay


Frozen organs were used to extract and purify total RNA using the ISOLATE II RNA Mini kit (Cat# BIO-52073, Meridian Bioscience, Cincinnati, OH, USA) according to the manufacturer’s recommendations. A NanoDrop One Microvolume UV-Vis Spectrophotometer (Cat# 13400519, Thermo Scientific, Waltham, MA, USA) was used to quantify the RNA concentration and purity ratios (A260/280 and A260/230). RNA template (1 µg) from each sample was reverse transcribed into cDNA using a high-capacity cDNA reverse transcription kit (Cat# 4368814, Applied Biosystem, Waltham, MA, USA). All primers were purchased from Kicqstart SYBR Green Primers (Cat# KSPQ12012, Sigma-Aldrich, St. Louis, MO, USA). The sequence of the primers used for quantification of gene expression of IL-6, TNF-α, HAVCR1 (KIM-1), P2RY1, and GAPDH can be found in Supplementary Table S1. RT-qPCR reactions were performed using PowerUp SYBR green master mix (Cat# A25780, Applied Biosystems, Waltham, MA, USA) in a StepOnePlus real-time PCR system (Applied Biosystems, 4376599, US) following the manufacturer’s instructions. The amplification program included an initial denaturation step at 95 °C for 7 min, followed by 40 cycles of 15 s at 95 °C, 15 s at 60 °C, and 15 s at 72 °C, then 72 °C for 10 min 20 s for the holding step. Transcription levels of the genes of interest were then normalized to GAPDH as a reference housekeeping gene. The expression of the housekeeping gene across all the treatment groups was tested before embarking on the PCR analysis and showed consistent Ct values across all groups for each of the tissues studied. The PCR amplification efficiency was assessed by applying a visual assessment method [30,31,32]. An analysis for RT-qPCR was performed using the ΔΔCT method [33].




2.5. Statistical Analysis


Data analysis was performed using GraphPad Prism version 8.3.0 for Windows (GraphPad Software, San Diego, CA, USA, www.graphpad.com (accessed on 10 November 2022)), and results were expressed as mean ± SEM. Statistical significance was determined by unpaired Student’s t-test between two groups while body weight, GTT, and Insulin tolerance test (ITT) were analyzed by three-way ANOVA with animal diet, L-serine effect, and time points as factors. Visceral adipose fat, fasting glucose levels, the area under the curve from GTT and ITT, and mRNA expression levels were performed by two-way ANOVA with animal diet and L-serine treatment as factors. ANOVA results were then followed by a post hoc analysis using Fisher’s least significant difference test (LSD) as appropriate. Results were considered statistically significant when p < 0.05.





3. Results


3.1. Effects of L-Serine Supplementation on Body Weight, Energy Intake, and Adiposity


Mice consuming a HFD had higher body weight gain over the study period compared to the standard chow diet groups (chow and chow+ L-serine) vs. (HFD and HFD+ L-serine) [F(3,384) = 95.62; p < 0.05]. L-serine supplementation significantly reduced body weight gain only in mice consuming a HFD [−8.51%; p < 0.05]. The reduced body weight gain reached significance after nine weeks of L-serine treatment and was maintained until the end of the experiment (Figure 1A).



Over the experimental period, mice consuming a HFD had a higher energy intake compared to the chow group [F(3,384) = 31.19; p < 0.05; Figure 2B]; however, L-serine supplementation did not impact the cumulative energy intake in both dietary cohorts (Figure 1B).



Significant effects of L-serine supplementation were also observed across two adipose tissue depots, including visceral fat pads (epididymal and retroperitoneal fat). Overall, HFD increased epididymal and retroperitoneal fat pads (chow and chow+ L-serine) vs. (HFD and HFD+ L-serine) [F(3,21) = 15.99; p < 0.05; Figure 1C,D]; after 12 weeks of treatment, L-serine treatment reduced retroperitoneal WAT [−23.94%; F(3,30) = 20.64; p < 0.05, Figure 1C] as well as epididymal WAT [−23.12%; F(3,32) = 16.91; p < 0.05, Figure 1D] only in mice consuming a HFD. L-serine treatment did not reduce these adipose tissue depots in mice on the standard chow diet.




3.2. Effects of L-Serine Supplementation on Glucose Metabolism


Prior to the start of L-serine administration, HFD consumption significantly increased fasting glucose levels [23.93%; t = 4.838, df = 38; p < 0.05; Figure 2A], [F(3,31) = 31.73; p < 0.05; Figure 2B], [42.15%; F(3,28) = 20.60; p < 0.05; Figure 2C]).



After 4 weeks of L-serine administration, there was no significant effect of the amino acid in the treated groups (Figure 2D–F). However, after 12 weeks of serine administration, mice consuming a HFD and treated with L-serine had significantly lower blood glucose levels compared to the control [−13.9%; p < 0.05; Figure 2G]. Overall, HFD consumption increased glucose levels (chow and chow+ L-serine) vs. (HFD and HFD+ L-serine) [F(3,35) = 49.52 p < 0.05; Figure 2H]. The AUC was increased only in mice consuming a HFD (chow and chow+ L-serine) vs. (HFD and HFD+ L-serine) [F(3,34) = 46.62; p < 0.05; Figure 2I] and L-serine supplementation significantly reduced these levels after 12 weeks of treatment [−15.73%; p < 0.05; Figure 2I].




3.3. Effects of L-Serine Supplementation on Renal Gene Expression


Overall, HFD increased the renal mRNA expression of Interleukin 6 (IL-6) [n = 8; F(3,21) = 9.731; p < 0.05; Figure 3A], Tumor necrosis factor α (TNF-α) [n = 8; F(3,21) = 4.096; p < 0.05; Figure 3B], Kidney Injury Molecule-1 (KIM-1) [n = F(3,24) = 14.15; p < 0.05; Figure 3C], and P2Y purinoceptor 1 (P2RY1) [n = 10; F(3,27) = 8.926; p < 0.05; Figure 3D]. However, in mice consuming a HFD, L-serine supplementation downregulated the mRNA expression of IL-6 [−60.63%; p < 0.05, Figure 3A], TNF-α [−50.05%; p < 0.05, Figure 3B], KIM-1 [n = 6–9; −64.48%; p < 0.05, Figure 3C], and P2RY1 [n = 8; −23.21%; p < 0.05, Figure 3D].





4. Discussion


In this study, we investigated the metabolic effects of L-serine supplementation in drinking water (1% [w/v], ad libitum for 12 weeks) in male C57BL/6J mice fed either a standard chow diet or a commercial HFD. Overall, L-serine supplementation resulted in a significant reduction in body weight, visceral adipose mass (epididymal and retroperitoneal fat pads) as well as blood glucose levels in mice consuming a HFD. In addition, we performed gene expression studies of markers of kidney injury (KIM-1 and P2Y1R) as well as pro-inflammatory cytokines (IL-6 and TNFα), which demonstrated that L-serine administration reversed the detrimental impact of a HFD in the kidneys. Critically, we found that L-serine supplementation had no effect on mice consuming a standard chow diet.



Over the experimental period, L-serine administration induced a significant reduction in body weight in mice consuming a HFD (−8.50%) compared to their control group. Weight loss reached significance after 9 weeks of treatment, and it was maintained until the end of the experiment. Our results are in line with previous literature in which L-serine administration (0.5% [w/v]) for 6 months reduced food intake and body weight gain in aging mice (18 months old) [34]. These authors reported that long-term administration of 0.5% [w/v] L-serine significantly downregulated the hypothalamic expression of orexigenic markers such as NPY and AGRP, which are known to increase food intake [35,36]. However, in our study, L-serine administration did not affect the energy intake of any dietary group, though we did find it reduced adiposity in mice consuming a HFD (24% reduction in retroperitoneal WAT as well as 23% reduction in epididymal WAT). Our results suggest that the amino acid L-serine could potentially affect some of the homeostatic mechanisms related to the control of energy expenditure. Unfortunately, we were unable to measure energy expenditure in our study. However, previous literature supports our theory by providing evidence that long-term 1% L-serine supplementation was able to blunt fasting-induced body weight regain in obese mice based on elevated brown adipose tissue activity [4]. Specifically, with the use of metabolic cages, the authors reported that L-serine supplementation resulted in increased brown fat thermogenesis, which prevented body weight regain following an overnight fast. Collectively, this previous study and our current results suggest that L-serine supplementation could be used as a complementary option in new therapeutic approaches after weight-loss interventions for pre-diabetic patients [4].



A growing body of research suggests that L-serine is involved in the development of diabetes mellitus and its related complications [8]. Higher L-serine concentrations have been correlated with improved insulin secretion and sensitivity as well as improved glucose tolerance after a 2-h oral glucose tolerance test [17]. On the other hand, L-serine concentration has, in several studies, been found to be significantly decreased in children with T1D [9] as well as in patients with T2D [11]. Based on the results of this recent scientific literature, we tested the effect of oral 1% L-serine supplementation on glucose homeostasis. We performed GTTs throughout our experiment and found that at the beginning of the treatment, prior to the start of the L-serine supplementation, HFD consumption significantly increased glucose levels in comparison to the standard chow diet. After 4 weeks of L-serine supplementation, there was no significant effect of the amino acid in the treated groups, chow + L-serine nor HFD + L-serine. However, after 12 weeks of L-serine supplementation, mice consuming the HFD and treated with L-serine had significantly lower blood glucose levels compared to the control (−13.9%). Similar to our results, L-serine treatment in female non-obese diabetic (NOD) mice reduced insulitis and diabetes incidence (43%) compared to controls, and this was accompanied by an improved GTT, reduced HOMA-IR, and reduced blood glucose levels [37].



In another investigation on the long-term effects of L-serine supplementation, the L-serine supplementation protected mice from HFD-induced insulin resistance [37]. Mechanistically, the authors of this study suggested that this effect could be linked to the activation of the AMPK pathway known to regulate insulin sensitivity and glucose intake and disposal [37,38]. In support of our results, in a prospective population-based study of 5181 Finnish men, high L-serine concentrations were correlated with improved insulin secretion and sensitivity in non-diabetic men aged between 45 and 73 years, and they were also associated with improved glucose tolerance after a 2-h oral GTT [17]. Furthermore, recent evidence suggests that altering L-serine metabolism could lead to the production of a-typical sphingolipids, 1-DSL, which are significantly elevated in patients with impaired fasting glucose, metabolic syndrome (MetS), and T2D [13,14].



Previous literature has demonstrated that 1-DSL are involved in the apoptosis of pancreatic beta-cell lines and primary islets and directly compromise the functionality of skeletal muscle cells, likely to contribute to the pathophysiology of muscle dysfunction detected in diabetes mellitus [39]. In addition, 1-DSL levels are also elevated in the hereditary condition, sensory autonomic neuropathy type 1 (HSAN1), a rare neurological condition caused by genetic mutations in the enzyme serine palmitoyltransferase (SPT), which results in the increased formation of 1-DSL [40]. It has been demonstrated that high doses of L-serine reduced 1-DSL levels in mice and patients with HSAN1, potentially slowing the disease progression [15,16]. Furthermore, in a recent study, transgenic db/db mice known to develop diabetic neuropathy early in life were fed a 3% serine-enriched diet for 8 weeks [41]. Results from this investigation indicated that L-serine supplementation reduced 1-DSL levels in the plasma, slowing the progression of diabetic peripheral neuropathy, and this was associated with no change in body weight and a slight increase in circulating glucose levels [41].



Similarly, 5% and 20% oral L-serine administration in the same transgenic db/db mouse model over a 6-month period was shown to improve functional neuropathy and sensory modalities, although oxidative damage and hyperglycemia persisted despite 1-DSL reduction [42]. Collectively, these studies in transgenic mice suggest that despite L-serine supplementation reducing 1-DSL levels in plasma and other various tissues, it failed to improve the glucose metabolism within these animals [41]. In our study, whose experimental model was in line with previous investigations [4,37], we observed that L-serine supplementation in drinking water (1% [w/v], ad libitum for 12 weeks) in male C57BL/6J mice consuming a HFD led to a reduction in body weight, visceral adipose mass (epididymal and retroperitoneal fat pads) as well as blood glucose levels. Discrepancies between study findings regarding the effects of L-serine in glucose metabolism could be related to methodological differences, including drug concentration, route of administration, duration of treatment, age, and sex of test subjects [43]. In addition, macro and micronutrient components of the HFD, including carbohydrates, salt, and fiber contents, as well as refined ingredients (casein, corn starch, sucrose, cellulose) [44] might influence the phenotypic differences driven by the diet itself and the research outcomes [45,46].



Further studies are needed to fully elucidate the role of L-serine supplementation in relation to the progression of diabetes mellitus.



As diabetes mellitus is the leading cause of kidney disease, we examined the renal mRNA expression of those markers involved in kidney injury. Over the last two decades, several functional studies in animals have demonstrated that 12 weeks of HFD consumption are sufficient to induce renal functional alterations as well as structural injury to the kidney [47,48]. It is also known that plasma concentrations of L-serine decrease in patients with chronic renal disease while concentrations of its enantiomer, D-serine, increase [18]. In our study, HFD consumption doubled the mRNA levels of KIM-1, a biomarker for various forms of nephrotoxic injury and chronic kidney diseases whose mRNA and protein levels are dramatically increased after acute injury [21] and following HFD consumption [49]. Surprisingly, L-serine treatment significantly reduced the renal mRNA levels of KIM-1, suggesting a protective role of the amino acid during chronic exposure to HFD.



Similarly, we reported that HFD consumption increased the renal mRNA expression of pro-inflammatory cytokines such as IL-6 and TNFα, which are known to be elevated during the deterioration of renal function [50] as well as with HFD consumption [51]. These pro-inflammatory mediators are associated with molecular mechanisms involved in chronic kidney diseases contributing to cellular apoptosis and ultimately to organ damage [52,53]. Our results indicate that L-serine supplementation reduced the mRNA expression of IL-6 and TNF-α induced by chronic HFD consumption. Furthermore, we speculate that L-serine supplementation could assist in the reduction of some pro-inflammatory cytokine levels that might be associated with impaired renal function [5,34].



There is a consensus that purinergic signaling is highly involved in renal functions contributing to the emerging therapeutic targets in kidney diseases [24]. Multiple purinergic receptors are expressed in all segments of the nephron and renal cells [22]. Specifically, renal expression of P2 receptors is found throughout the vasculature and microvasculature and strongly influences renal vessel function [23].



Functional studies in animal models have produced exciting discoveries on the role of the purinergic receptor P2Y1R in endothelial dysfunction in kidney disease. During the inflammatory process occurring in renal disease in rodents, activation of P2Y1R has been associated with glomerular injury, while in animal models, in which the receptor was knocked-down, P2Y1R null mice were protected from acute nephrotoxic injury, showing preserved renal function and enhanced survival [54]. Similarly, in our study, while HFD consumption increased the renal mRNA P2Y1R expression, L-serine supplementation significantly reduced these levels suggesting a plausible protective role of the amino acid in renal vessels. Further studies will be needed to fully elucidate the role of L-serine supplementation in renal injury.



Overall, based on the data presented in this study, we propose a descriptive action by which L-serine supplementation ameliorated the consequences of HFD consumption in relation to weight loss, glucose homeostasis as well as renal mRNA expression of markers of kidney injury. To address the limitations of our study, high-performance liquid chromatography (HPLC) investigations would clarify the pharmacodynamic properties of L-serine administration, including changes in the concentrations of L-serine in blood and kidney as well as L-serine-related metabolites. The use of a “multi-omics” approach, including genomics, proteomics, and metabolomics, would represent a powerful adjunctive tool to increase our mechanistic breadth of understanding in relation to the action(s) of the amino acid. The current study did not decipher the contribution of specific renal cell populations with regard to the mechanisms of action of L-serine in kidney injury. It would be useful for future studies to explore the plasma levels of the amino acid and to measure the glomerular filtration rate as well as the serum creatine levels in order to provide further clarification on the role L-serine supplementation plays in renal function. In addition, quantification of 1-DSL in insulin-sensitive organs, such as skeletal muscle as well as plasma, would also offer a more comprehensive interpretation of the role of L-serine supplementation plays in the context of glucose metabolism. Further mechanistic studies are needed to dissect the interplay between 1-DSL formation and the protective effect of L-serine supplementation in the development of diabetes.



In summary, the present study attempts to provide a descriptive indication by which L-serine supplementation could be used as an integrative option in future therapeutic approaches for weight loss. Our results confirmed previous findings regarding the beneficial properties of L-serine supplementation for weight loss and the reduction of adipose mass [4,5,6,18,37]. We also provided new evidence that L-serine supplementation ameliorates the consequences of HFD consumption by improving glucose homeostasis and reducing the renal mRNA expression of pro-inflammatory cytokines, such as IL-6 and TNF-α, as well as markers of kidney injury, KIM1 and P2Y1R.
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Figure 1. Effect of L-serine supplementation on body weight, energy intake, and adiposity. (A) Body weight gain expressed by percentage change from baseline. Mice consuming a standard chow diet (C) (open round, n = 9) and a chow diet with L-serine (C + S) (black round, n = 9); mice consuming a high-fat diet (H) (open square, n = 9) and high-fat diet with L-serine (H + S) (black square, n = 9). (B) Cumulative energy intake (n = 9); (C) Wet weight (gram) of retroperitoneal white adipose tissues (n = 9). (D) Wet weight (gram) of epididymal white adipose tissues (n = 9). Chow diet (C), and chow diet with L-serine (C + S), high-fat diet (H), and high-fat diet with L-serine (H + S). Data are expressed as mean ± SEM. In graph A, data were analyzed by repeated measures of three-way ANOVA with animal diet, L-serine treatment, and weeks of treatment as factors. In graphs (B–D), data were analyzed by two-way ANOVA with animal diet and L-serine treatment as factors. ANOVA results were then followed by a post hoc assessment using Fisher’s least significant difference test (LSD). * Significant difference for overall diet effect (H and H + S) vs. (C and C + S) (p < 0.05); # Significant difference for L-serine effect (p < 0.05). 
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Figure 2. Effects of L-serine supplementation on glucose metabolism. (A,B) Fasting glucose levels prior to L-serine supplementation. At the beginning, (C) Area under the curve prior to L-serine supplementation; (D,E) Fasting glucose levels after 4 weeks of L-serine supplementation, (F) Area under the curve after 4 weeks of L-serine supplementation. (G,H) Fasting glucose levels after 12 weeks of L-serine supplementation, (F) Area under the curve after 12 weeks of L-serine supplementation. Mice consuming a standard chow diet (C) (open round, n = 9) and chow diet with L-serine (C + S) (black round, n = 9); mice consuming a high-fat diet (H) (open square, n = 9) and high-fat diet with L-serine (H + S) (black square, n = 9). Chow diet (C) and chow diet with L-serine (C + S); high-fat diet (H) and high-fat diet with L-serine (H + S). Results are expressed as mean ± SEM. In graph (A), statistical significance was determined by unpaired Student’s t-test between two groups. In graphs (B,E,H), data were analyzed by repeated measures of three-way ANOVA with animal diet, L-serine treatment, and time points of GTT as factors. In graphs (D,F,G,I), data were analyzed by two-way ANOVA with animal diet and L-serine treatment as factors. ANOVA results were then followed by a post hoc assessment using Fisher’s least significant difference test (LSD). * Significant difference for overall diet effect (H and H + S) vs. (C and C + S) (p < 0.05); # Significant difference for L-serine effect (p < 0.05). 
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Figure 3. Effects of L-serine supplementation on renal gene expression. mRNA levels of (A) Interleukin 6 (IL-6), (B) Tumor Necrosis Factor α (TNF-α), (C) Kidney Injury Molecule 1 (KIM-1), (D) Purinergic Receptor P2Y, G-Protein Coupled, 1 (P2RY1). n = 7–9. Results are expressed as mean ± SEM. Data were analyzed by two-way ANOVA with animal diet and L-serine treatment as factors. ANOVA results were then followed by a post hoc assessment using Fisher’s least significant difference test (LSD). * Significant difference for overall diet effect (H and H + S) vs. (C and C + S) (p < 0.05); # Significant difference for L-serine effect (p < 0.05). 
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