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Abstract


Podocytes and their foot processes form a functional layer of the glomerular filtration barrier. Due to their unique morphology and function, podocytes employ distinct nutrient pathways to maintain the bioenergetic balance, with lactate being one of several available energy substrates. Enhanced lactate intake modulates the redox state of the cell by increasing mitochondrial respiration and reactive oxygen species production. Monocarboxylate transporter 1 (MCT1) is the primary lactate transporter, and alterations in its surface expression may contribute to the regulation of lactate uptake in podocytes. Beyond its metabolic role, lactate also acts as a crucial signaling molecule by binding to G-protein-coupled receptor 81 (GPR81), mediating a wide range of physiological effects through the inhibition of protein kinase A (PKA). The present study investigated novel regulatory mechanisms of MCT1 internalization, which depend on GPR81 signaling and PKA activity in primary rat podocytes, through the biotinylation assay. Surprisingly, both PKA inhibition (with H89 and PKI 14–22) and activation (with 8-bromo-cAMP and H2O2) increased MCT1 internalization. GPR81 was also found to regulate MCT1 membrane trafficking, likely through the modulation of PKA activity but also potentially through PKA-independent mechanism. Additionally, general dynamic changes in endocytic activity were detected under the present conditions with pHrodo-dextran fluorescence analysis. These results suggest that the modulation of PKA activity and GPR81 signaling may regulate lactate transport via MCT1, thereby ensuring its proper metabolic function in podocytes.
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1. Introduction


Lactate was once regarded as merely a byproduct of anaerobic metabolism, but it is now recognized as a key regulator of metabolic homeostasis, even under aerobic conditions. It serves as a major fuel source for the tricarboxylic (TCA) acid cycle, a precursor for gluconeogenesis, and a signaling molecule that is capable of modulating various physiological processes [1]. The rapid transport of lactic acid across the plasma membrane is fundamental for cellular metabolism and intracellular pH homeostasis. This transport is facilitated by proton-linked monocarboxylate transporters (MCTs) [2], among which MCT1 is the best characterized and plays a major role in L-lactate uptake for oxidation [3,4,5].



Podocytes are highly differentiated epithelial cells that form the glomerular filtration barrier. They exhibit significant metabolic demands and require precise metabolic regulation to sustain their function [6]. Given their high energy requirements, lactate serves as an important metabolic substrate that can be incorporated into the TCA cycle within mitochondria. Our recent findings demonstrated that podocytes actively utilize lactate for energy production and possess a well-developed lactate homeostasis system, including a specialized lactate transport mechanism [7]. The presence of MCTs in podocytes has been confirmed, with rapid alterations in their expression levels in response to high extracellular lactate concentrations and glucose deprivation [7]. Notably, the mitochondrial localization of MCT1 and MCT2 under these conditions was identified [8], suggesting a significant shift toward oxidative phosphorylation and reinforcing the role of lactate as a key regulator of mitochondrial metabolism [9,10]. As a result of greater lactate oxidation, an increase in the production of reactive oxygen species (ROS) should be expected [11]. Lactate has also been shown to generate H2O2 independently of the respiratory chain through the activity of L-lactate oxidase [12]. This dual role of lactate—as both a substrate for mitochondrial metabolism and a redox signaling molecule—highlights its essential role in podocyte energy metabolism [13,14,15].



Beyond its metabolic function, lactate also acts as a potent signaling molecule that is involved in cellular communication, metabolic regulation, gene expression, and immune responses. Notably, lactate serves as a ligand for G-protein-coupled receptor 81 (GPR81), also known as hydroxycarboxylic acid receptor 1 (HCAR1) [16]. Our recent study revealed the impact of lactate signaling through GPR81 on lipolysis in podocytes, further underscoring its functional significance in podocyte metabolism [17].



This dual metabolic and signaling role of lactate requires tightly regulated mechanisms for its transport and homeostasis. However, despite extensive research on MCT-mediated lactate transport, the precise regulatory mechanisms that govern its trafficking remain largely unexplored, particularly in podocytes.



In skeletal muscle, MCT1 regulation has been linked to protein kinase C (PKC)- and protein kinase A (PKA)-mediated pathways [3]. A previous study by Smith et al. [18] demonstrated that cyclic adenosine monophosphate (cAMP) induces MCT1 dephosphorylation and its internalization into caveolae and early endosomes in the RBE4 rat brain cerebrovascular endothelial cell line, emphasizing the role of vesicular trafficking in controlling MCT1 surface expression and function. In this study, we investigated the PKA-dependent internalization of MCT1 in primary rat podocytes, since PKA acts as the direct downstream effector of GPR81.



Previous findings indicated that cell surface transporters undergo active turnover via the endosomal–lysosomal sorting system [19]. Endocytosis, an energy-dependent process, is responsible for internalizing membrane proteins and directing them to intracellular compartments, including lysosomes, trans-Golgi network, endoplasmic reticulum, and Rab11-positive recycling endosomes. Both clathrin- and caveolin-dependent endocytic pathways regulate protein localization and transport, with caveolae-mediated trafficking being particularly well characterized in capillary endothelial cells [20]. The involvement of caveolin-1, a key caveolae component, has been demonstrated through its interaction with podocyte slit diaphragm proteins, such as nephrin and CD2-associated protein (CD2AP), suggesting a potential role for endocytosis in modulating glomerular hemodynamics in response to metabolic changes [21]. Rab guanosine triphosphatases, particularly Rab5, act as pivotal regulators of vesicular trafficking by orchestrating vesicle budding, docking, fusion, and cargo sorting in early endosomes. Membrane trafficking integrates protein networks with signaling cascades, serving as a vital communication system between the extracellular environment and intracellular compartments [22]. In podocytes, the endocytic pathway plays a crucial role in maintaining cellular homeostasis by regulating surface receptor recycling, retrieving filtered proteins, such as albumin, for degradation, and modulating intracellular signaling pathways [23,24,25,26]. Additionally, the efficient trafficking and regulation of metabolic surface transporters may allow adaptation to changing metabolic demands, ensuring optimal nutrient exchange, energy balance, and functional stability.



Given that lactate is an important metabolic substrate for podocytes, the rapid and dynamic trafficking of MCT1 between cellular compartments is likely crucial for adaptation to changes in the microenvironment. Lactate transport regulated by the GPR81-mediated modulation of intracellular cAMP levels may play a central role in maintaining podocyte homeostasis. Additionally, ROS, such as H2O2, can modulate PKA activity independently of cAMP. Thus, the present study investigated the impact of GPR81 activation and cAMP-dependent and -independent modulation of PKA activity on MCT1 internalization. Our aim was to uncover molecular mechanisms that govern MCT1 turnover in podocytes.




2. Results


2.1. Modulation of PKA Activity Induces MCT1 Internalization and Is Associated with Rab5a- and Caveolin-1-Dependent Endocytosis


MCT1 facilitates the bidirectional transport of lactate across the plasma membrane [27], and its endocytosis is regulated by multiple signaling pathways [18,19]. Additionally, MCT1 function is regulated by β-adrenergic receptor signaling via the cAMP–PKA pathway [28]. To investigate the mechanism of MCT1 regulation in podocytes, first the impact of PKA activity modulation on MCT1 protein levels was assessed. The cAMP analog 8-Br-cAMP was used as specific PKA activator, and H89 as a PKA inhibitor. Additionally, PKA can be activated in a cAMP-independent manner through ROS (e.g., H2O2) and PKA dimerization [20]. After 8-bromo-cAMP (100 µM, 5 min) and H2O2 (100 µM, 5 min) treatments PKA activity was increased by 24% (1.23 ± 0.014; p = 0.0005) and 13% (1.13 ± 0.066; p = 0.028), respectively (Figure 1A). Exposure to H89 (10 µM, 1 h) decreased PKA activity by 29% (0.709 ± 0.024; p < 0.0001) compared to control (0.996 ± 0.012) (Figure 1A). Combined treatment with H2O2 and H89 (H2O2 + H89) resulted in reduced PKA activity by 7% (0.927 ± 0.042; p = 0.002) compared with H2O2 alone (Figure 1A).



The next step was to determine whether PKA activity modulation had an effect on MCT1 protein levels. Both inhibitor and activator of PKA activity decreased MCT1 protein levels in the cell membrane, while its total cellular amount remained unchanged (Figure 1B–D). MCT1 protein levels in the cell membrane decreased by 67% after incubation with H89 (0.388 ± 0.192; p = 0.0009) and decreased by 43% after 8-bromo-cAMP incubation (0.754 ± 0.138; p = 0.041) (Figure 1C). Membrane levels of MCT1 were also diminished by 38% after H2O2 treatment (0.670 ± 0.169; p = 0.01) compared to control (1.187 ± 0.065) (Figure 1C). Combined exposure of podocytes to H2O2 + H89 abolished the effects of individual agents on MCT1 levels (Figure 1C).



Previous studies reported a cAMP-dependent increase in MCT1 endocytosis into caveolae via a clathrin-independent pathway in rat brain endothelial cells [18]. Therefore, we investigated whether changes in MCT1 membrane level, observed upon PKA activity modulation, involve caveolin-1- and Rab5a-dependent pathways. Immunofluorescence analyses of MCT1 and Rab5a (Figure 2A) and MCT1 and caveolin-1 (Figure 2B) co-staining were performed. Treatment with either H89 or H2O2 alone increased the Rab5a and MCT1 immunostaining intensity near the cell membrane. In cells that were treated with both H89 and H2O2, the signal was similar to control. Interestingly, cells that were treated with 8-bromo-cAMP showed the abundant expression of MCT1 both in cytoplasm and near the cell membrane and immunostaining intensity of Rab5a was more concentrated near the plasma membrane than in its central part (Figure 2A). Moreover, quantitative colocalization analysis revealed an increased linear correlation between MCT1 and Rab5a after H2O2 treatment by 47% (r = 0.74, p = 0.01) and 8-bromo-cAMP treatment by 38% (r = 0.69, p = 0.04) compared to control (r = 0.50) (Figure S1A). These results were accompanied by a statistically significant increase in Manders’ coefficient M1 (Rab5a in MCT1-positive regions) following treatment H2O2 by ~23% (M1 = 0.86, p = 0.003) and 8-bromo-cAMP by ~20% (M1 = 0.84, p = 0.04) compared to control (M1 = 0.70) (Figure S1C). In contrast, no statistically significant changes were observed for M2 (MCT1 in Rab5a-positive regions) (Figure S1D). Treatment with H89 increased Manders’ coefficient M1 by ~21% (0.85, p = 0.03) and M2 by ~28% (0.88, p = 0.01) compared to control (M1 = 0.70; M2 = 0.69) (Figure S1C,D).



Immunofluorescent co-staining of MCT1 and caveolin-1 showed that H89 treatment intensified the signal of caveolin-1 within the cytoplasm and near the cell membrane, whereas the simultaneous use of H89 and H2O2 (H89 + H2O2) mitigated this effect (Figure 2B). PKA activation via 8-bromo-cAMP exhibited enhanced fluorescent signal from caveolin-1 near the cell membrane, whereas activation via H2O2 exhibited elevated membrane immunostaining of caveolin-1 and accumulation of MCT1-corresponding signal in punctate pattern at the cell periphery, although without evident colocalization with caveolin-1 (Figure 2B). No statistically significant changes were observed in the colocalization of MCT1 and caveolin-1 (Figure S1B,E,F), suggesting local alterations in fluorescence intensity of caveolin-1.



To confirm these effects of PKA inhibition on MCT1 internalization, we conducted series of experiments using another specific PKA inhibitor—myristoylated PKI 14–22 amide. The activity of PKA was decreased under three different concentrations of PKI 14–22: 10 µM, 50 µM, and 100 µM, by 58%, 70%, 64% (1.86 ± 0.031; 1.32 ± 0.076; 1.60 ± 0.031; p < 0.0001), respectively, compared to control (4.44 ± 0.072) (Figure 3A). Based on these results, the lowest effective concentration of PKI 14–22 (10 µM) was chosen for the next experiments. Although PKI 14–22 did not have a statistically significant effect on the total amount of MCT1 protein in podocytes (Figure 3B,D), the membrane content of MCT1 was considerably decreased (by 61%; 0.380 ± 0.06 vs. 0.97 ± 0.142; p = 0.005) (Figure 3C,D). Immunofluorescent staining of MCT1, caveolin-1, and Rab5a under PKA-inhibiting conditions showed that PKI 14–22 treatment increased immunostaining intensity of both caveolin-1 and Rab5a proteins with MCT1 at the cell periphery (Figure 3E,F). Pearson’s coefficient indicated an increased overall spatial correlation between MCT1 and both caveolin-1 (r = 0.71, p = 0.03) by ~17% (Figure S2B), and Rab5a (r = 0.82, p = 0.04) by ~13% (Figure S2A) following PKI 14–22 treatment compared to control (r = 0.61, r = 0.72). No statistically significant changes were observed in the colocalization between MCT1 and both caveolin-1 and Rab5a (Figure S2C,D). Similar to H89, these changes in localization and linear intensity correlation of endocytosis markers (caveolin-1 and Rab5a) upon PKI 14–22 exposure may suggest altered endocytic dynamics in podocytes caused by PKA inhibition.




2.2. Activation of PKA Stimulates Cellular Endocytosis


The obtained results suggested that the potential relationship exists between PKA-dependent internalization of MCT1 and activation of caveolin-1-linked endocytosis. Therefore, our next studies aimed to investigate overall activity and intracellular localization of early endosomes in live podocytes following both the upregulation and inhibition of PKA activity (Figure 4). We observed an increase in the average size of early endosomes by 25% and 44% in the presence of 8-bromo-cAMP (25.7 ± 2.81; p = 0.121) and H2O2 (29.6 ± 2.56; p = 0.01), respectively, compared to control (20.6 ± 1.11) (Figure 4A). Moreover, podocyte treatment with 8-bromo-cAMP and H2O2 also increased the early endosome-corresponding fluorescence intensity by 227% and 153%, respectively (Figure 4B). PKA inhibitor, H89, did not alter the size or fluorescence intensity of early endosomes, but in cells exposed to H2O2 pre-treatment with H89 significantly reduced the stimulatory effect of H2O2 on endosomal size (by 65%) and on fluorescent intensity (by 81%; compared to the H2O2-treated cells) (Figure 4A,B). The intracellular distribution of endosomal vesicles was also affected by PKA modulators. Endosomes were localized in central areas of cells after 8-bromo-cAMP and H2O2 incubation with local clusters of endosomes near the cell membrane (Figure 4C). PKA inhibition with H89 and rescue treatment with both H2O2 and H89 shifted the localization of endosomal vesicles to more of a peripheral location, concentrated in foot processes of podocytes (Figure 4C).




2.3. MCT1 Internalization Might Be Regulated by Caveolin-1 Activity


As far as we confirmed that both MCT1 membrane levels and caveolin-1-dependent endocytosis are related to changes in PKA activity, we decided to investigate whether MCT1 levels can be regulated by global modulation of cellular endocytic flux. We used MβCD to inhibit cholesterol-dependent endocytosis, including clathrin- and caveolin-mediated pathways (Supplementary Figure S3), and measured membrane and cytosolic content of MCT1. Both membrane (0.61 ± 0.11, p = 0.08) and cytosol (0.727 ± 0.067; p = 0.003) levels of MCT1 were decreased after MβCD treatment by 39% and by 14%, respectively, compared to controls (1 ± 0.15 and 1.19 ± 0.067) (Figure 5A–C), suggesting that endocytosis might be a potent regulatory pathway of MCT1 levels in podocytes and therefore can have a role in lactate transport. Moreover, MβCD treatment induced a significant change in cytosolic and membrane levels of caveolin-1, which were diminished by 45% (0.68 ± 0.298; p = 0.04) and 65% (0.347 ± 0.182; p = 0.02), respectively, compared to controls (1.49 ± 0.147, 1.00 ± 0.081) (Figure 5D–F).



The analysis of intracellular distribution of MCT1 and caveolin-1 in MβCD-treated podocytes revealed that the increased peripheral immunofluorescent intensity of caveolin-1 resulting from H2O2 treatment was abolished when cells were preincubated with MβCD (Figure 5G). MβCD treatment did not significantly change cellular localization of MCT1 and the colocalization of MCT1 and caveolin-1 (Figure S4).




2.4. H2O2 Exerts Pleiotropic Effect on Podocyte Endocytosis


Considering the pleiotropic and non-specific cellular effects of H2O2, its endocytosis-stimulating activity may also be associated with the increase in oxidative stress. To prevent the oxidative stress response induced by H2O2, podocytes were preincubated with NAC, which partially reversed H2O2-induced endocytosis (Figure 6A–E). NAC slightly and non-statistically increased density and average size of endosomes (Figure 6A,B), but significantly decreased the endosome number per cell by 44% (p = 0.03) (Figure 6C). Pre-treatment with NAC mitigated the stimulating effect of H2O2 on podocyte endocytosis, specifically on endosome density and their number per cell (Figure 6A,C). Although NAC alone did not change the distribution of early endosomes within the cells, H2O2 and NAC + H2O2 treatments triggered focal accumulation of early endosomes near the cell membrane (Figure 6D). Moreover, the immunofluorescent staining of caveolin-1 revealed that both in H2O2 and NAC + H2O2 conditions its fluorescent intensity was markedly increased near the cell membrane compared to control and NAC alone (Figure 6E). MCT1 and caveolin-1 colocalization was most pronounced in the perinuclear region across all experimental conditions (Figure 6E) and no statistically significant changes were observed in the colocalization between MCT1 and caveolin-1 (Figure S4). These results suggested that the increased endocytosis in podocytes following H2O2 treatment is not solely a consequence of oxidative stress, but may also reflect the signaling function of H2O2.




2.5. GPR81 as an Upstream Regulator of Cellular Distribution of MCT1


PKA regulates MCT1 internalization and its kinase activity strongly depends on intracellular cAMP levels. Notably, both cAMP signaling and PKA activity are regulated at least in part by GPR81. Therefore, we investigated whether GPR81-dependent activation of PKA might be an upstream mechanism of MCT1 regulation in podocytes. The GPR81 activator 3,5-DHBA (100 µM, 2 h) and gene silencing with GPR81 siRNA were used to modulate GPR81 activity. The mRNA and protein expression of GPR81 were reduced by 41% and 27%, respectively (Supplementary Figure S5). As expected, PKA activity was reduced (by 23%) in podocytes treated with 3,5-DHBA, and elevated (by 40%) in GPR81-silenced cells. 3,5-DHBA had no effect on PKA activity in podocytes transfected with GPR81 siRNA (Figure 7A).



Analyses of MCT1 expression under these conditions revealed that GPR81 silencing significantly decreased the amount of MCT1 in the cell membrane (by 48%; 0.322 ± 0.0755 vs. 0.644 ± 0.114; p = 0.012) (Figure 7B,D). Unexpectedly, stimulation of GRP81 activity also resulted in reduced amount of membrane MCT1, but not in GPR81-silenced podocytes, where 3,5-DHBA restored MCT1 expression to the control levels both in membrane fractions and in total cell lysates (Figure 7C,D). These results were confirmed by fluorescent immunostaining of MCT1 in podocytes treated with 3,5-DHBA or GPR81 siRNA (Figure 7E). Both experimental conditions induced alterations of MCT1 localization, which appeared as focal depositions of MCT1 in central areas of the cells and a lower amount of MCT1 in the cell membrane (Figure 7D).




2.6. Alterations of GPR81 Signaling Stimulate Cellular Endocytosis


The role of GPCR signaling in regulating the endocytic pathway and enhancing cellular signaling is well established [29]. Previous analyses revealed that MCT1 internalization is dependent on GPR81 signaling. To further explore this relationship, live early endosomes were fluorescently stained and quantified in podocytes following GPR81 activation and inhibition (Figure 8). After 3,5-DHBA exposure and GPR81 silencing, the endosomal density increased by 81% (p = 0.0009) and by 44% (p = 0.04), respectively (Figure 8A). The average size of endosomes was elevated by 25% after GPR81 downregulation (p = 0.02) but no statistical changes were observed after 3,5-DHBA exposure (Figure 8B). Similarly to MCT1 levels, 3,5-DHBA treatment of GPR81-silenced podocytes restored endosomes density and size to control levels (Figure 8A,B). Both experimental treatments increased the fluorescence intensity associated with endosomal vesicles in podocytes (Figure 8C).





3. Discussion


MCT1 is abundant in almost all tissues, including the kidneys [30], positioning it as the main transporter among all MCT isoforms. In our previous study, the presence of MCT1 was detected in primary rat podocytes, and changes in the amount of this protein were observed during lactate supplementation and glucose deprivation [7]. However, the exact mechanisms of the physiological regulation of MCT1 have not yet been fully elucidated. In the present study, the mechanism of PKA-mediated MCT1 internalization in primary rat podocytes was revealed. Surprisingly, both PKA activation and inhibition enhanced MCT1 incorporation from the plasma membrane, and co-treatment with H2O2 and H89 did not exert an additive effect. Despite comparable amounts of MCT1 in the plasma membrane fractions across conditions, qualitative differences emerged in MCT1 distribution and its colocalization with endosomal markers near the cell membrane. In particular, PKA inhibition induced a peripheral redistribution of MCT1 with caveolin-1 and Rab5a. Notably, the overall activity of early endosomes was significantly altered only upon PKA activation—both H2O2 and PKA activator increased fluorescence intensity and size of early endosomes. Experiments with endocytosis inhibitor (MβCD) showed decreased activity of early endosomes upon combined H2O2 + MβCD treatment compared to H2O2 treatment alone, supporting the idea, that H2O2 activation of PKA resulted in increased endocytosis in podocytes. Additionally, significant downregulation of caveolin-1 in both the membrane and cytosolic fraction was demonstrated—which confirms the effect of MβCD on caveolin-1-dependent pathways. Simultaneously, downregulation of MCT1 cytosolic and membrane (non-significant) fractions upon endocytosis inhibition was revealed, which may suggest a link between podocyte endocytosis regulation and MCT1 protein expression.



Until now, few studies have reported an increase in the membrane trafficking of MCT1 following an increase in the intracellular concentration of cAMP [18] or the activation of adrenergic receptors [31] in other tissues. To our knowledge, PKA-dependent internalization of MCT1 has not been reported in podocytes so far. Paradoxically, we observed decreased MCT1 cell-surface levels under both PKA inhibition and activation. Prior studies show an increased endocytosis of receptor proteins in response to PKA inhibition. For example, Salazar et al. found that the inhibition of basal PKA activity led to the internalization of 40–60% unoccupied, inactive endothelial growth factor receptors and accumulation into early endosomes. This non-classical pathway operated independently of ligand binding, receptor kinase activity, and ubiquitylation and did not trigger receptor degradation [32]. A potential explanation for this phenomenon could be the functional interplay between PKA and AMP-activated protein kinase (AMPK). PKA inhibition leads to AMPK activation [33] and AMPK regulates MCT1 expression and membrane localization [34]. Additionally, PKA can bidirectionally regulate NF-ΚB signaling pathway, exerting both inhibitory and activating effects in a context-dependent manner [35,36,37,38], and NF-ΚB pharmacological inhibitors reduced MCT1 expression [39]. Taken together, these findings suggest that secondary pathways affected by PKA inhibition may contribute to the reduced MCT1 membrane abundance observed in our study. Further research is required to fully understand these mechanisms.



In podocytes, endocytosis is a fundamental homeostasis process as proper cell surface expression and localization of podocin and nephrin are crucial for maintaining filtration barrier integrity. In this work, elevated endocytic activity was demonstrated after H2O2 treatment. Experiments utilizing NAC demonstrated that H2O2 has a wide signaling spectrum and presumably dual mechanism of action in the context of endocytosis. Endocytosis-promoting effect of H2O2 may originate, at least partially, from direct intracellular H2O2 signaling rather than being solely a response to oxidative stress.



Both the activation and inhibition of PKA are involved in many pathological conditions. Deb et al. demonstrated that increased cAMP-PKA activity in high glucose concentrations lead to histone hyperacetylation underlying the fibrogenic program in the kidney [40]. Lactate is known to reduce intracellular cAMP levels and suppress PKA activation through a GPR81-dependent mechanism. This dependence in podocytes was demonstrated in our previous study, showing that high glucose concentration increased lactate level and decreased PKA activity in primary rat podocytes [17]. In this work, the impact of GPR81 for MCT1 translocation was investigated. Both GPR81 activation and inhibition led to a reduction in MCT1 at the cell surface, however, only inhibition produced a statistically significant decrease. Notably, GPR81 activation also lowered total cellular MCT1. Moreover, GPR81 activation led to a decrease in the average endosome size and an increase in fluorescence signal, indicating greater endocytic activity. In contrast, GPR81 inhibition resulted in both an increase in endosome size and a higher fluorescence signal, suggesting alterations of vesicular dynamics. Although the precise mechanism of GPR81-induced endocytosis is yet to be fully elucidated, our findings provide the first evidence of an increase in the general rate of endocytosis that is stimulated by GPR81 signaling in rat podocytes.



Under certain conditions, lactate, through GPR81 signaling, can regulate MCT1 expression [41,42], but this has not been previously demonstrated in podocytes. In glioblastoma, lactate and 3,5-DHBA increased the expression of MCT1 [41], and GPR81 knockdown in epithelial MCF7 cells led to decrease in MCT1 expression [42]. These results differ from the present findings, in which both GPR81 inhibition and activation caused the downregulation of total and cell surface MCT1. GPR81-silenced cells treated with 3,5-DHBA exhibited a recovery of membrane MCT1 levels to control values. Given that GPR81 silencing increased PKA activity while GPR81 activation reduced PKA activity and combined treatment did not change the activity of PKA, these results suggest that MCT1 translocation from the cell membrane may be regulated by GPR81 signaling through both PKA-dependent and PKA-independent mechanisms. This is further supported by our findings that both PKA activation and inhibition led to the removal of MCT1 from the cell membrane. Consistent with this, Narumi et al. found that MCT1 expression and lactate transport in skeletal muscle cells were regulated through both PKC- and PKA-mediated pathways, highlighting the complexity of MCT1 regulation [3]. Further studies are required to elucidate this regulatory network.



In our previous studies we have demonstrated that activation of GPR81-PKA signaling resulted in reduced lipolysis and lipid droplet formation [17]. Lipid droplets are enriched in proteins that are involved in membrane trafficking, likely facilitating lipid transport between cellular compartments. Lipid droplet accumulation, caused by the inhibition of lipolysis, is associated with GPR81 activation [43], and enhanced lipid droplets-endosomes contact site formation has been documented [44,45]. In this study, GPR81 signaling affected early endosomes activity, which may be consistent with changes in lipid droplets motility induced by GPR81-controlled lipolysis.



The present study confirms the signaling role of H2O2 in modulating PKA activity in podocytes and its crosstalk with MCT1 endocytosis. Despite its potential toxicity, H2O2 conveys redox information essential for cellular homeostasis and metabolic control [46]. Redox–PKA crosstalk is well documented: as a redox-sensitive kinase, PKA can be directly activated by H2O2 via interprotein disulfide dimer formation [47]. H2O2-dependent endocytosis was reported in endothelial [48] and tumor cells [49]. H2O2 signaling seems to be coupled with lactate metabolism. In our previous work, we demonstrated that lactate increased mitochondrial respiratory function in podocytes, indicating a transition toward greater reliance on oxidative phosphorylation for cellular energy generation [8]. The mitochondrial transport chain generates the leakage of electrons that combine with molecular oxygen to create superoxide and hydrogen peroxide [43]. Lactate also has been shown to generate superoxide anions in the electron transport chain of mitochondria [50,51]. Hence, the metabolic state of podocytes that is altered by lactate might contribute to regulation of the intracellular translocation of MCT1, and H2O2 might trigger this process. Given lactate’s role in upregulating oxidative phosphorylation [8], an increase in ROS, particularly H2O2, can be expected as a metabolic byproduct [12]. To counteract this rise in mitochondrial ROS production, lactate may contribute to the activation of adaptive cellular mechanisms. Indeed, studies have shown that lactate possesses antioxidant properties; the lactate ion has demonstrated free radical scavenging activity [52]. This oxidative stress adaptation appears to be mediated at least partially by GPR81 activity [53]. While our current data align with the proposed model, future studies are needed to provide the necessary direct evidence to substantiate the role of lactate in modulating oxidative stress and its effect on endocytosis in podocytes. In our previous work, we demonstrated that PKA–GPR81 signaling is downregulated in podocytes under hyperglycemic conditions. Subsequently, we observed a reduction in total MCT1 with a concomitant increase at the cell surface. These changes in the PKA–GPR81 axis were accompanied by actin cytoskeletal reorganization and increased albumin permeability [17].



Together, these findings suggest that MCT membrane translocation may contribute to the regulation of lactate homeostasis in diabetes and correlates with podocyte injury. The present study provides molecular insight into MCT1 endocytic regulation, identifying it as a potential therapeutic target. In our previous study, MCT1 inhibition increased permeability of isolated rat glomeruli and podocyte monolayer to albumin. Combined treatment of MCT1 inhibitor and insulin exacerbated permeability of podocyte monolayer to albumin and podocyte cytoskeleton remodeling, which reveals functional role of MCT1 in glomerular filtration barrier functioning [54].



Dysfunction of the endocytic machinery is implicated in the development of proteinuria and in glomerular and tubular injury in kidney diseases associated with hypertension and diabetes. Notably, several studies show that PKC-α mediates the endocytosis of nephrin [55] and TGF-β receptor I [56] in podocytes, thereby promoting podocyte and glomerular injury; under diabetic conditions, PKC also triggers nephrin [57] and EGFR [58] endocytosis, further exacerbating renal damage. Thus, modulating downstream pathways governed by kinases such as PKA and PKC may be critical for preventing podocyte injury. A limitation of the current study is that the scope did not include a detailed analysis of the endocytosis process and direct evidence that the reduced levels of MCT1 in the cell membrane are caused by endocytosis. The kinetics of functional transport of lactate under given experimental conditions was also not evaluated. Given that GPR81 activity is not fully reduced, other signaling pathways mediated by GPR81 might influence the magnitude of observed effects. While these findings successfully elucidate the GPR81-PKA effects on MCT1 internalization specific molecular mechanism underlying its endocytosis and how MCT1 internalization affects lactate transport in podocytes are yet to be fully characterized in future studies.




4. Materials and Methods


4.1. Preparation and Culture of Primary Rat Podocytes


All experimental procedures were performed in accordance with directive 2010/63/EU of the European Parliament and of the Council on the protection of animals used for scientific purposes. All experiments were conducted in compliance with the guidelines of University of Gdańsk (Ethical approval for animal euthanasia: 1/D000/2023) and in accordance with the ARRIVE guidelines. 4–5 weeks old female Wistar rats (100–120 g) were used for podocyte isolation. Rats were housed in standard cages on a 12 h/12 h light/dark cycle with free access to a standard pellet diet (Labofeed B standard, Wytwornia Pasz “Morawski,” Kcynia, Poland) and tap water ad libitum. For each procedure reflecting biological replicates, two rats were anesthetized with ketamine/xylazine (100 mg/mL and 20 mg/mL respectively) prior to kidney isolation to obtain an appropriate number of primary cells for the experiments. Kidneys were extracted with surgical scissors and immediately placed in ice-cold phosphate-buffered saline (PBS) containing 1% penicillin-streptomycin solution (P/S). In the next step, they were finely minced with a scalpel and pressed through a system of three sieves with a progressively smaller pore diameter (250, 125, and 75 μm). Following centrifugation, the isolated renal glomeruli were suspended in RPMI 1640 that was supplemented with 10% fetal bovine serum (FBS), 1% P/S and 11 mM D-glucose (SG). After 6 days, the glomeruli were trypsinized and passed through a 30 µm pore-size sieve [59]. Obtained primary rat podocytes were cultured for 12–20 days in SG for all experiments. Each ‘n’ represents an independent biological replicate, corresponding to a single podocyte isolation.



For PKA ATP-competitive inhibition, H89 reagent was used (catalog no. CAS 130964-39-5, Santa Cruz Biotechnology, Dallas, TX, USA) at 10 µM concentration for 1 h [58,60]. For specific inhibition of PKA downstream signaling, a pseudosubstrate peptide, myristoylated PKI 14–22 amide was used (catalog no. 476485, Merck KGaA, Darmstadt, Germany) at 10 µM for 30 min. PKA activation was achieved using 8-bromo-cAMP (8-bromo-adenosine-3′,5′-cyclic monophosphate; catalog no. CAS 76939-46-3, Santa Cruz Biotechnology, Dallas, TX, USA) at 100 µM for 5 min. Hydrogen peroxide solution (catalog no. 95321, Merck KGaA, Darmstadt, Germany) was also used for non-specific modulation of PKA activity (100 µM, 5 min). H2O2 and 8-bromo-cAMP concentration and time of incubation were selected based on our previous experiments [58].



For GPR81 activation, the GPR81 agonist 3,5-dihydroxybenzoic acid (3,5-DHBA; catalog no. D110000, Sigma Aldrich, Merck KGaA, Darmstadt, Germany) was used at 100 µM concentration for 2 h.



Endocytosis was inhibited by Methyl-β-cyclodextrin (MβCD; catalog no. T4072, TargetMol Inc., Boston, MA, USA) at 5 mM for 1 h, following Sohn et al. work [61].



As an antioxidant agent N-Acetyl-L-cysteine (NAC) was used at 5 mM for 2 h (catalog no. A9165, Merck KGaA, Darmstadt, Germany). Time of podocyte incubation with NAC and its concentration were established according to Montero et al. work [62].



All compounds were dissolved in water or DMSO, so that the final concentration did not exceed 0.5% v/v of the culture medium.




4.2. RNA Isolation, Reverse Transcription, and Polymerase Chain Reaction (PCR)


Total RNA from podocytes was isolated with the RNeasy Mini Kit (Qiagen, Hilden, Germany), which is based on spin column extraction. A NanoDrop UV/Vis Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used for RNA purity and quantity assessment. Isolated RNA was transcribed into cDNA and used for real-time quantitative PCR (qPCR) with TaqMan probes and sequence-specific primers to establish levels of gene expression. For quantification of the results, the ΔΔCt method was used, with β-actin as an internal control. The analyses were performed using LightCycler480 (Roche Diagnostics, Rotkreuz, Switzerland). The PCR products were separated on 2.5% agarose gel and detected by the GelDoc-It Imaging System (UVP, Cambridge, UK). Sequences of primers and probes that were used in the experiments are listed in Table 1.




4.3. Western Blot


Podocyte cell lysates were prepared in the presence of a lysis buffer (1% Nonidet P-40, 20 mM Tris, 140 mM NaCl, 2 mM Ethylenediaminetetraacetic acid (EDTA), 10% glycerol) and protease inhibitor cocktail (TargetMol Chemicals Inc., Boston, MA, USA). Cells were scraped at 4 °C and centrifuged at 18,000× g for 20 min at 4 °C [59]. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed with an equal total amount of protein (20 µg) per sample. Proteins were transferred to polyvinylidene difluoride membranes, followed by incubation with Tris-buffered saline (TBS) (20 mM Tris-HCl pH 7.4, 140 mM NaCl) containing 4% non-fat dry milk for 2 h to block non-specific binding sites. In the next step, immunodetection was performed by incubating the membranes for 12 h at 4 °C with specific primary antibodies diluted in TBS with addition of 5% Bovine Serum Albumin (BSA). Then, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies diluted 1:3000 in TBS with 5% BSA (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Chemiluminescent detection with luminol-based electrochemiluminescence substrates was performed (Bio-Rad Laboratories, Hercules, CA, USA). All primary antibodies that were used in the experiments are listed in Table 2.




4.4. Immunofluorescence and Early Endosome Imaging


For immunofluorescence immunostaining, podocytes were seeded on glass dishes (35 mm) that were coated with type I rat collagen. Cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton-X 100 and then blocked with 3% bovine serum albumin in PBS for 1 h. Next, primary antibodies that were diluted in 3% bovine serum albumin in PBS were added for 12 h. The next day, the cells were washed with PBS three times and incubated with fluorescently conjugated secondary antibodies for 1 h (Alexa, Thermo Fisher Scientific, Waltham, MA, USA). Cells were washed with PBS and H2O and coverslips were mounted on the glass slides. Cells were analyzed with a confocal laser scanning microscope (Nikon Ti Eclipse, Nikon Corporation, Tokyo, Japan; 40× objective).



For early endosome imaging, podocytes were washed, and FluoroBrite Dulbecco’s Modified Eagle Medium (DMEM; catalog no. A1896701, Thermo Fisher Scientific, Waltham, MA, USA) was applied. pHrodo Green Dextran (catalog no. P35368, Thermo Fisher Scientific, Waltham, MA, USA) diluted 30 µL per 1 mL of FluoroBrite DMEM was added to living cells and placed for 30 min at 37 °C. Early endosomes were analyzed with a confocal laser scanning microscope (40× objective).




4.5. Quantification of Fluorescent Images


Colocalization was evaluated using the Coloc 2 plugin in Fiji 1.54p software (Wayne Rasband and contributors, National Institutes of Health, Bethesda, MD, USA). For each image, single cells were manually defined as regions of interest (ROIs) and Bisection thresholding was applied. The degree of colocalization was quantified using Pearson’s correlation coefficient (r) and Manders’ overlap coefficients (M1 and M2).



The average size of early endosomes, number of early endosomes per cell and integrated density were measured with Fiji 1.54p. Each n corresponds to an individual image, and for each, the mean fluorescence intensity and mean endosomal size per cell were calculated.




4.6. Cell Surface Biotinylation Assay


Podocytes were incubated with PBS that contained 1 mg/mL Sulfo-NHS-SS-biotin (EZ-Link NHS-Biotin, Thermo Fisher Scientific, Waltham, MA, USA) for 30 min. After incubation, the cells were washed three times with cold PBS that contained 100 mM glycine. Lysates were prepared and added to neutravidin beads (Pierce NeutrAvidin UltraLink Resin, Thermo Fisher Scientific, Waltham, MA, USA) at 4 °C for 12 h with rotary spinning. Neutravidin beads were washed with 2× loading buffer, and proteins were denatured for 10 min at 96 °C. The samples were centrifuged, the beads were discarded, and the supernatants were subjected to a standard Western blot procedure.




4.7. Separation of the Membrane and Cytosolic Fraction


Podocytes were homogenized in lysis buffer (30 mM Tris, pH 7.5, 10 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), 5 mM EDTA, 1 mM dithiothreitol (DTT), 250 mM sucrose) in the presence of protease inhibitor cocktail (TargetMol Chemicals Inc., Boston, MA, USA) for subsequent ultracentrifugation [63]. The lysates were centrifuged at 9500× g for 10 min at 4 °C. Next, ultracentrifugation of supernatant was performed at 60,000× g for 40 min at 4 °C and supernatant was used as a cytosolic fraction. To obtain membrane fraction, remaining pellet was resuspended in lysis buffer without sucrose and solubilized with 1% Triton X-100. Membrane and cytosolic fractions of caveolin-1 and MCT1 were further examined by Western blot.




4.8. Cell Transfection with siRNA


The knockdown of GPR81 gene expression was accomplished through cell transfection with GPR81-specific siRNA (catalog no. 4390815, Thermo Fisher Scientific, Waltham, MA, USA). For the negative control, non-silencing siRNA (catalog no. 4390843, Thermo Fisher Scientific, Waltham, MA, USA) was used. Twelve hours before the experiment, the culture medium was replaced with antibiotic-free RPMI-1640 that was supplemented with 10% FBS. Podocytes were transfected using Lipofectamine 3000 diluted in Opti-MEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Transfection reagent and siRNA were incubated with Opti-MEM for 5 min and then combined for 15 min of incubation. Complexes of siRNA and transfection reagent were added to the cell cultures and incubated at 37 °C. After 7 h, medium with a two-fold higher concentration of FBS and antibiotics was added to podocytes (1:1 v/v) for the next 24 h. Gene silencing was examined by qPCR and Western blot.




4.9. Quantification of PKA Activity


Protein kinase A activity was measured in the cell lysate using the commercially available kit PKA Colorimetric Activity Kit (catalog no. EIAPKA, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.




4.10. Statistical Analysis


GraphPad Prism 8 software (Boston, MA, USA) was used for all statistical analyses. To determine whether parametric or nonparametric tests should be conducted, the Shapiro–Wilk test was performed. The data were analyzed using one-way analysis of variance (ANOVA). The results are expressed as the mean ± SEM. Values of p < 0.05 were considered statistically significant.





5. Conclusions


In summary, the relationship between GPR81 signaling and MCT1 endocytosis is mediated at least partially by PKA regulation via both cAMP-dependent and -independent mechanisms. PKA as a key regulator (whether inhibited or activated) can influence MCT1 cell surface expression. These findings suggest that lactate may regulate the surface availability of MCT1 through both activation of GPR81 signaling and its role as a redox molecule, resulting from an increase in oxidative metabolism and subsequent elevation of H2O2 production (Figure 9). This ensures metabolic flexibility and homeostasis in response to changing environmental conditions. Overall, our study provides evidence of the involvement of the GPR81–PKA pathway in regulating endosomal dynamics and MCT1 trafficking and underscores the complexity of this process, which involves multiple downstream effectors.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms27177563/s1.





Author Contributions


K.G.: Conceptualization, Formal analysis, Investigation, Validation, Visualization, Writing—original draft; M.S.: Writing—original draft, Writing—review and editing; I.A.: Investigation, Validation, Writing—review and editing. A.P.: Conceptualization, Writing—review and editing, conceptualization, project administration, Resources, Supervision. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grant 2019/33/B/NZ4/02407 to Agnieszka Piwkowska from the National Science Centre.




Institutional Review Board Statement


All experimental procedures were performed in accordance with directive 2010/63/EU of the European Parliament and of the Council on the protection of animals used for scientific purposes. All experiments were conducted in compliance with the guidelines of University of Gdańsk (Ethical approval for animal euthanasia: 1/D000/2023 granted on 26 January 2023) and in accordance with the ARRIVE guidelines.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author, upon reasonable request.




Acknowledgments


The author wishes to acknowledge Martyna Grochowalska for her significant contributions to the visual design of graphical abstract. Sincere appreciation is also extended to Patrycja Rachubik for her guidance regarding method validation.




Conflicts of Interest


The authors declare no conflicts of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	NAC
	N-Acetyl-L-cysteine



	3,5-DHBA
	3,5-dihydroxybenzoic acid



	MβCD
	Methyl-β-cyclodextrin









References


	



Lee, T.-Y. Lactate: A multifunctional signaling molecule. Yeungnam Univ. J. Med. 2021, 38, 183–193. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Felmlee, M.A.; Jones, R.S.; Rodriguez-Cruz, V.; Follman, K.E.; Morris, M.E. Monocarboxylate Transporters (SLC16): Function, Regulation, and Role in Health and Disease. Pharmacol. Rev. 2020, 72, 466–485. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Narumi, K.; Furugen, A.; Kobayashi, M.; Otake, S.; Itagaki, S.; Iseki, K. Regulation of Monocarboxylate Transporter 1 in Skeletal Muscle Cells by Intracellular Signaling Pathways. Biol. Pharm. Bull. 2010, 33, 1568–1573. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Végran, F.; Boidot, R.; Michiels, C.; Sonveaux, P.; Feron, O. Lactate Influx through the Endothelial Cell Monocarboxylate Transporter MCT1 Supports an NF-κB/IL-8 Pathway that Drives Tumor Angiogenesis. Cancer Res. 2011, 71, 2550–2560. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ideno, M.; Kobayashi, M.; Sasaki, S.; Futagi, Y.; Narumi, K.; Furugen, A.; Iseki, K. Involvement of monocarboxylate transporter 1 (SLC16A1) in the uptake of l-lactate in human astrocytes. Life Sci. 2018, 192, 110–114. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yuan, Q.; Miao, J.; Yang, Q.; Fang, L.; Fang, Y.; Ding, H.; Zhou, Y.; Jiang, L.; Dai, C.; Zen, K.; et al. Role of pyruvate kinase M2-mediated metabolic reprogramming during podocyte differentiation. Cell Death Dis. 2020, 11, 355. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Szrejder, M.; Typiak, M.; Pikul, P.; Audzeyenka, I.; Rachubik, P.; Rogacka, D.; Narajczyk, M.; Piwkowska, A. Role of L-lactate as an energy substrate in primary rat podocytes under physiological and glucose deprivation conditions. Eur. J. Cell Biol. 2023, 102, 151298. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Audzeyenka, I.; Szrejder, M.; Rachubik, P.; Grochowalska, K.; Kulesza, T.; Rogacka, D.; Narajczyk, M.; Piwkowska, A. Lactate regulates respiratory efficiency and mitochondrial dynamics in primary rat podocytes. Free Radic. Biol. Med. 2024, 220, 312–323. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Audzeyenka, I.; Bierżyńska, A.; Lay, A.C. Podocyte Bioenergetics in the Development of Diabetic Nephropathy: The Role of Mitochondria. Endocrinology 2022, 163, bqab234. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Cai, X.; Ng, C.P.; Jones, O.; Fung, T.S.; Ryu, K.W.; Li, D.; Thompson, C.B. Lactate activates the mitochondrial electron transport chain independently of its metabolism. Mol. Cell 2023, 83, 3904–3920.e7. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Li, X.; Yang, Y.; Zhang, B.; Lin, X.; Fu, X.; An, Y.; Zou, Y.; Wang, J.-X.; Wang, Z.; Yu, T. Lactate metabolism in human health and disease. Signal Transduct. Target. Ther. 2022, 7, 305, Erratum in Signal Transduct. Target. Ther. 2022, 7, 372. https://doi.org/10.1038/s41392-022-01206-5. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



de Bari, L.; Valenti, D.; Atlante, A.; Passarella, S. L-Lactate generates hydrogen peroxide in purified rat liver mitochondria due to the putative L-lactate oxidase localized in the intermembrane space. FEBS Lett. 2010, 584, 2285–2290. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Brooks, G.A.; Dubouchaud, H.; Brown, M.; Sicurello, J.P.; Butz, C.E. Role of mitochondrial lactate dehydrogenase and lactate oxidation in the intracellular lactate shuttle. Proc. Natl. Acad. Sci. USA 1999, 96, 1129–1134. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hashimoto, T.; Hussien, R.; Brooks, G.A. Colocalization of MCT1, CD147, and LDH in mitochondrial inner membrane of L6 muscle cells: Evidence of a mitochondrial lactate oxidation complex. Am. J. Physiol.-Endocrinol. Metab. 2006, 290, E1237–E1244. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hussien, R.; Brooks, G.A. Mitochondrial and plasma membrane lactate transporter and lactate dehydrogenase isoform expression in breast cancer cell lines. Physiol. Genom. 2011, 43, 255. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Vohra, R.; Aldana, B.I.; Waagepetersen, H.; Bergersen, L.H.; Kolko, M. Dual properties of lactate in müller cells: The effect of GPR81 activation. Investig. Ophthalmol. Vis. Sci. 2019, 60, 999–1008. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Grochowalska, K.; Szrejder, M.; Rachubik, P.; Audzeyenka, I.; Rogacka, D.; Narajczyk, M.; Piwkowska, A. Role of Metabolic Sensor GPR81/HCAR1 in Diabetic Podocytes: Downregulated Lipolysis Results in the Deterioration of Glomerular Filtration Barrier. J. Cell. Physiol. 2025, 240, e70014. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Smith, J.P.; Uhernik, A.L.; Li, L.; Liu, Z.; Drewes, L.R. Regulation of Mct1 by cAMP-dependent internalization in rat brain endothelial cells. Brain Res. 2012, 1480, 1–11. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Liu, Z.; Sneve, M.; Haroldson, T.A.; Smith, J.P.; Drewes, L.R. Regulation of Monocarboxylic Acid Transporter 1 Trafficking by the Canonical Wnt/β-Catenin Pathway in Rat Brain Endothelial Cells Requires Cross-talk with Notch Signaling. J. Biol. Chem. 2016, 291, 8059–8069. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sverdlov, M.; Shinin, V.; Place, A.T.; Castellon, M.; Minshall, R.D. Filamin A Regulates Caveolae Internalization and Trafficking in Endothelial Cells. Mol. Biol. Cell 2009, 20, 4531–4540. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sorensson, J.; Fierlbeck, W.; Heider, T.; Schwarz, K.; Park, D.S.; Mundel, P.; Lisanti, M.; Ballermann, B.J. Glomerular Endothelial Fenestrae In Vivo Are Not Formed from Caveolae. J. Am. Soc. Nephrol. 2002, 13, 2639–2647. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yuan, W.; Song, C. The Emerging Role of Rab5 in Membrane Receptor Trafficking and Signaling Pathways. Biochem. Res. Int. 2020, 2020, 4186308. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dobrinskikh, E.; Okamura, K.; Kopp, J.B.; Doctor, R.B.; Blaine, J. Human podocytes perform polarized, caveolae-dependent albumin endocytosis. Am. J. Physiol.-Ren. Physiol. 2014, 306, F941–F951. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Schießl, I.M.; Hammer, A.; Kattler, V.; Gess, B.; Theilig, F.; Witzgall, R.; Castrop, H. Intravital Imaging Reveals Angiotensin II–Induced Transcytosis of Albumin by Podocytes. J. Am. Soc. Nephrol. 2016, 27, 731–744. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sachs, W.; Blume, L.; Loreth, D.; Schebsdat, L.; Hatje, F.; Koehler, S.; Wedekind, U.; Sachs, M.; Zieliniski, S.; Brand, J.; et al. The proteasome modulates endocytosis specifically in glomerular cells to promote kidney filtration. Nat. Commun. 2024, 15, 1897. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tian, X.; Bunda, P.; Ishibe, S. Podocyte Endocytosis in Regulating the Glomerular Filtration Barrier. Front. Med. 2022, 9, 801837. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Pérez-Escuredo, J.; Van Hée, V.F.; Sboarina, M.; Falces, J.; Payen, V.L.; Pellerin, L. Sonveaux, Monocarboxylate transporters in the brain and in cancer. Biochim. Biophys. Acta (BBA)—Mol. Cell Res. 2016, 1863, 2481–2497. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Smith, J.P.; Drewes, L.R. Modulation of Monocarboxylic Acid Transporter-1 Kinetic Function by the cAMP Signaling Pathway in Rat Brain Endothelial Cells. J. Biol. Chem. 2006, 281, 2053–2060. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Irannejad, R.; von Zastrow, M. GPCR signaling along the endocytic pathway. Curr. Opin. Cell Biol. 2014, 27, 109–116. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Becker, H.M.; Mohebbi, N.; Perna, A.; Ganapathy, V.; Capasso, G.; Wagner, C.A. Localization of members of MCT monocarboxylate transporter family Slc16 in the kidney and regulation during metabolic acidosis. Am. J. Physiol.-Ren. Physiol. 2010, 299, F141–F154. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



John, K.M.; Arain, H.; Dores, M.R. Adrenergic receptors signal to β-arrestins to control the membrane trafficking of Monocarboxylate transporter 1 (MCT1) in glioblastoma. FASEB J. 2020, 34, 1. [Google Scholar] [CrossRef] [Scilit]

	



Salazar, G.; González, A. Novel Mechanism for Regulation of Epidermal Growth Factor Receptor Endocytosis Revealed by Protein Kinase A Inhibition. Mol. Biol. Cell 2002, 13, 1677–1693. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Pearah, A.; Ramatchandirin, B.; Ramirez, K.; Radovick, S.; Wondisford, F.E.; He, L. Targeting negative phosphorylation to activate AMPK. Endocr. Connect. 2025, 14, e250260. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Takimoto, M.; Takeyama, M.; Hamada, T. Possible involvement of AMPK in acute exercise-induced expression of monocarboxylate transporters MCT1 and MCT4 mRNA in fast-twitch skeletal muscle. Metabolism 2013, 62, 1633–1640. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lim, C.S.; Hwang, Y.K.; Kim, D.; Cho, S.H.; Bañuelos, C.; Bizon, J.L.; Han, J.-S. Increased interactions between PKA and NF-κB signaling in the hippocampus following loss of cholinergic input. Neuroscience 2011, 192, 485–493. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Takahashi, N.; Tetsuka, T.; Uranishi, H.; Okamoto, T. Inhibition of the NF-κB transcriptional activity by protein kinase A. Eur. J. Biochem. 2002, 269, 4559–4565. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gonçalves, B.S.; Temerozo, J.R.; Mojoli, A.; Rochael, N.C.; de Azevedo, S.S.D.; Formiga, M.A., Jr.; Bello, G.; Ribeiro-Alves, M.; Saraiva, E.M.; Bou-Habib, D.C. Neutrophil extracellular traps promote macrophage activation through Toll-like receptor engagement and PKA and NF-kB signaling pathways. Cell Commun. Signal. 2026, 24, 419. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gerlo, S.; Kooijman, R.; Beck, I.M.; Kolmus, K.; Spooren, A.; Haegeman, G. Cyclic AMP: A selective modulator of NF-κB action. Cell. Mol. Life Sci. 2011, 68, 3823–3841. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Borthakur, A.; Saksena, S.; Gill, R.K.; Alrefai, W.A.; Ramaswamy, K.; Dudeja, P.K. Regulation of monocarboxylate transporter 1 (MCT1) promoter by butyrate in human intestinal epithelial cells: Involvement of NF-κB pathway. J. Cell. Biochem. 2008, 103, 1452–1463. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Deb, D.K.; Bao, R.; Li, Y.C. Critical role of the cAMP-PKA pathway in hyperglycemia-induced epigenetic activation of fibrogenic program in the kidney. FASEB J. 2017, 31, 2065–2075. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Longhitano, L.; Vicario, N.; Tibullo, D.; Giallongo, C.; Broggi, G.; Caltabiano, R.; Barbagallo, G.M.V.; Altieri, R.; Baghini, M.; Di Rosa, M.; et al. Lactate Induces the Expressions of MCT1 and HCAR1 to Promote Tumor Growth and Progression in Glioblastoma. Front. Oncol. 2022, 12, 871798. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tafur, D.; Svrcek, P.; White, B. Differential expression and function of the endogenous lactate receptor, GPR81, in ERα-positive/HER2-positive epithelial vs. post-EMT triple-negative mesenchymal breast cancer cells. J. Cancer Metastasis Treat. 2019, 2, 46. [Google Scholar] [CrossRef] [Scilit]

	



Cai, T.Q.; Ren, N.; Jin, L.; Cheng, K.; Kash, S.; Chen, R.; Wright, S.D.; Taggart, A.K.P.; Waters, M.G. Role of GPR81 in lactate-mediated reduction of adipose lipolysis. Biochem. Biophys. Res. Commun. 2008, 377, 987–991. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Liu, P.; Bartz, R.; Zehmer, J.K.; Ying, Y.; Zhu, M.; Serrero, G.; Anderson, R.G.W. Rab-regulated interaction of early endosomes with lipid droplets. Biochim. Biophys. Acta (BBA)—Mol. Cell Res. 2007, 1773, 784–793. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Parton, R.G.; Bosch, M.; Steiner, B.; Pol, A. Novel contact sites between lipid droplets, early endosomes, and the endoplasmic reticulum. J. Lipid Res. 2020, 61, 1364. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lennicke, C.; Rahn, J.; Lichtenfels, R.; Wessjohann, L.A.; Seliger, B. Hydrogen peroxide—Production, fate and role in redox signaling of tumor cells. Cell Commun. Signal. 2015, 13, 39. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Brennan, J.P.; Bardswell, S.C.; Burgoyne, J.R.; Fuller, W.; Schröder, E.; Wait, R.; Begum, S.; Kentish, J.C.; Eaton, P. Oxidant-induced Activation of Type I Protein Kinase A Is Mediated by RI Subunit Interprotein Disulfide Bond Formation. J. Biol. Chem. 2006, 281, 21827–21836. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sundqvist, T.; Liu, S.M. Hydrogen peroxide stimulates endocytosis in cultured bovine aortic endothelial cells. Acta Physiol. Scand. 1993, 149, 127–131. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zhao, Y.; Yu, J.; Huang, A.; Yang, Q.; Li, G.; Yang, Y.; Chen, Y. ROS impairs tumor vasculature normalization through an endocytosis effect of caveolae on extracellular SPARC. Cancer Cell Int. 2023, 23, 152. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dubovskaya, T.G.; Hrynevich, S.V.; Fedorovich, S.V. Regulation of the Synaptic Vesicle Cycle and Generation of Reactive Oxygen Species in Synaptosomes after Lactate Treatment. Biophys. (Russ. Fed.) 2021, 66, 596–602. [Google Scholar] [CrossRef] [Scilit]

	



Mohazzab-H, K.M.; Kaminski, P.M.; Wolin, M.S. Lactate and PO2 Modulate Superoxide Anion Production in Bovine Cardiac Myocytes. Circulation 1997, 96, 614–620. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Groussard, C.; Morel, I.; Chevanne, M.; Monnier, M.; Cillard, J.; Delamarche, A. Free radical scavenging and antioxidant effects of lactate ion: An in vitro study. J. Appl. Physiol. 2000, 89, 169–175. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Longhitano, L.; Forte, S.; Orlando, L.; Grasso, S.; Barbato, A.; Vicario, N.; Parenti, R.; Fontana, P.; Amorini, A.M.; Lazzarino, G.; et al. The Crosstalk between GPR81/IGFBP6 Promotes Breast Cancer Progression by Modulating Lactate Metabolism and Oxidative Stress. Antioxidants 2022, 11, 275. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tossidou, I.; Teng, B.; Menne, J.; Shushakova, N.; Park, J.K.; Becker, J.U.; Modde, F.; Leitges, M.; Haller, H.; Schiffer, M. Podocytic PKC-alpha is regulated in murine and human diabetes and mediates nephrin endocytosis. PLoS ONE 2010, 5, e10185. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tossidou, I.; Starker, G.; Krüger, J.; Meier, M.; Leitges, M.; Haller, H.; Schiffer, M. PKC-alpha modulates TGF-beta signaling and impairs podocyte survival. Cell. Physiol. Biochem. 2009, 24, 627–634. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Quack, I.; Woznowski, M.; Potthoff, S.A.; Palmer, R.; Königshausen, E.; Sivritas, S.; Schiffer, M.; Stegbauer, J.; Vonend, O.; Rump, L.C.; et al. PKCα Mediates β-Arrestin2-dependent Nephrin Endocytosis in Hyperglycemia. J. Biol. Chem. 2011, 286, 12959–12970. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lei, C.T.; Wei, Y.H.; Tang, H.; Wen, Q.; Ye, C.; Zhang, C.; Su, H. PKC-α Triggers EGFR Ubiquitination, Endocytosis and ERK Activation in Podocytes Stimulated with High Glucose. Cell. Physiol. Biochem. 2017, 42, 281–294. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Piwkowska, A.; Rogacka, D.; Jankowski, M.; Kocbuch, K.; Angielski, S. Hydrogen peroxide induces dimerization of protein kinase G type Iα subunits and increases albumin permeability in cultured rat podocytes. J. Cell. Physiol. 2012, 227, 1004–1016. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Szrejder, M.; Rachubik, P.; Rogacka, D.; Audzeyenka, I.; Rychłowski, M.; Angielski, S.; Piwkowska, A. Extracellular ATP modulates podocyte function through P2Y purinergic receptors and pleiotropic effects on AMPK and cAMP/PKA signaling pathways. Arch. Biochem. Biophys. 2020, 695, 108649. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Herbst, K.J.; Allen, M.D.; Zhang, J. The cAMP-Dependent Protein Kinase Inhibitor H-89 Attenuates the Bioluminescence Signal Produced by Renilla Luciferase. PLoS ONE 2009, 4, e5642. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sohn, J.; Lin, H.; Fritch, M.R.; Tuan, R.S. Influence of cholesterol/caveolin-1/caveolae homeostasis on membrane properties and substrate adhesion characteristics of adult human mesenchymal stem cells. Stem Cell Res. Ther. 2018, 9, 86. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Montero, P.; Roger, I.; Estornut, C.; Milara, J.; Cortijo, J. Influence of dose and exposition time in the effectiveness of N-Acetyl-l-cysteine treatment in A549 human epithelial cells. Heliyon 2023, 9, e15613. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Piwkowska, A.; Rogacka, D.; Angielski, S.; Jankowski, M. Insulin stimulates glucose transport via protein kinase G type I alpha-dependent pathway in podocytes. Biochem. Biophys. Res. Commun. 2014, 446, 328–334. [Google Scholar] [CrossRef] [Scilit] [PubMed]








[image: Ijms 27 07563 g001] 





Figure 1. Alteration of PKA activity affects MCT1 membrane localization in primary rat podocytes. (A) PKA activity (U/mg of protein). (B) Immunoblotting membranes showing biotinylated (membrane) and total (whole cell lysate) fractions of MCT1 in podocytes. (C) Membrane content of MCT1 and (D) total amount of MCT1 protein in cell lysates. Cells were treated with: 8-bromo-cAMP (100 µM, 5 min), H2O2 (100 µM, 5 min), H89 (10 µM, 1 h), or H2O2 + H89. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, one-way ANOVA, Sidak’s multiple comparisons, n = 4. 
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Figure 2. Changes in PKA activity affect caveolin-dependent membrane translocation of MCT1 in podocytes. (A) Immunofluorescent co-staining of MCT1 and Rab5a in podocytes. (B) Immunofluorescent staining of MCT1 and caveolin-1 in podocytes. r—Pearson’s correlation coefficient; M1, M2—Manders’ overlap coefficients. Cells were treated with: 8-bromo-cAMP (100 µM, 5 min), H2O2 (100 µM, 5 min), H89 (10 µM, 1 h), or H2O2 + H89. Podocytes were visualized using re-scan confocal microscopy (Nikon Eclipse Ti confocal microscope, Nikon Corporation, Tokyo, Japan). Scale bar is 50 µm. 
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Figure 3. A competitive substrate-site PKA inhibitor, PKI 14–22, increased caveolin-dependent internalization of MCT1. (A) PKA activity (U/mg of protein). (B) Total amount of MCT1 protein and (C) membrane content of MCT1. (D) Immunoblotting membranes showing biotinylated (membrane) and total (whole cell lysate) fractions of MCT1. (E) Immunofluorescent staining of MCT1 and caveolin-1 in podocytes. (F) Immunofluorescent staining of MCT1 and Rab5a in podocytes. r—Pearson’s correlation coefficient; M1, M2—Manders’ overlap coefficients. Cells were treated with PKI 14–22 (10 µM) for 30 min. Podocytes were visualized using re-scan confocal microscopy (Nikon Eclipse Ti confocal microscope, Nikon Corporation, Tokyo, Japan). Scale bar is 100 µm. ** p < 0.01, **** p < 0.0001, one-way ANOVA, Sidak’s multiple comparisons and unpaired t-test, n = 4–5. 






Figure 3. A competitive substrate-site PKA inhibitor, PKI 14–22, increased caveolin-dependent internalization of MCT1. (A) PKA activity (U/mg of protein). (B) Total amount of MCT1 protein and (C) membrane content of MCT1. (D) Immunoblotting membranes showing biotinylated (membrane) and total (whole cell lysate) fractions of MCT1. (E) Immunofluorescent staining of MCT1 and caveolin-1 in podocytes. (F) Immunofluorescent staining of MCT1 and Rab5a in podocytes. r—Pearson’s correlation coefficient; M1, M2—Manders’ overlap coefficients. Cells were treated with PKI 14–22 (10 µM) for 30 min. Podocytes were visualized using re-scan confocal microscopy (Nikon Eclipse Ti confocal microscope, Nikon Corporation, Tokyo, Japan). Scale bar is 100 µm. ** p < 0.01, **** p < 0.0001, one-way ANOVA, Sidak’s multiple comparisons and unpaired t-test, n = 4–5.



[image: Ijms 27 07563 g003]







[image: Ijms 27 07563 g004] 





Figure 4. PKA activation stimulates cellular endocytosis in primary rat podocytes. (A) Average size and (B) integrated density of live early endosomes (pHrodo Green Dextran staining). (C) Intracellular distribution of early endosomes in podocytes. Cells were treated with: 8-bromo-cAMP (100 µM, 5 min), H2O2 (100 µM, 5 min), H89 (10 µm, 1 h), or H2O2 + H89. Cells were visualized using re-scan confocal microscopy (Nikon Eclipse Ti confocal microscope, Nikon Corporation, Tokyo, Japan). Scale bar is 100 µm. * p < 0.05, ** p < 0.01, **** p ≤ 0.0001, one-way ANOVA, Sidak’s multiple comparisons, n = 4. 
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Figure 5. Endocytosis inhibitor (MβCD) decreased the level of MCT1 and caveolin-1 in podocytes. (A) MCT1 membrane content and (B) MCT1 cytosol levels. (C) Immunoblotting membranes showing MCT1 membrane and cytosolic fractions. (D) Caveolin-1 membrane and (E) caveolin-1 cytosol levels. (F) Immunoblotting membranes of caveolin-1 membrane and cytosol content. (G) Immunofluorescent staining of MCT1 and caveolin-1 in podocytes visualized using re-scan confocal microscopy (Nikon Eclipse Ti confocal microscope, Nikon Corporation, Tokyo, Japan). r—Pearson’s correlation coefficient; M1, M2—Manders’ overlap coefficients. Scale bar is 100 µm. * p < 0.05, ** p < 0.01, unpaired t-test, n = 4. 
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Figure 6. N-acetylcysteine (NAC) treatment partially reverses H2O2-dependent endocytosis in primary rat podocytes. (A) Integrated density and (B) average size of live early endosomes. (C) Live early endosome number per cell. (D) Intracellular endosome distribution. (E) Immunofluorescent staining of MCT1 and caveolin-1 in podocytes. r—Pearson’s correlation coefficient; M1, M2—Manders’ overlap coefficients. Cells were treated with: NAC (5 mM for 2 h), H2O2 (100 µM, 5 min) and NAC + H2O2. Scale bar is 100 μm, * p < 0.05, ** p < 0.01, *** p < 0.001, one-way ANOVA, n = 5. 
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Figure 7. GPR81 signaling influences MCT1 protein expression and translocation from cellular membrane. (A) PKA activity (U/mg of protein). (B) Membrane content of MCT1 and (C) total amount of MCT1 protein. (D) Immunoblotting membranes showing MCT1 expression in biotinylated (membrane) and total protein fractions. (E) Immunofluorescent staining of MCT1 in podocytes. Podocytes were transfected with scramble siRNA or GPR81 siRNA and treated with 3,5-DHBA (100 µM, 2 h). Cells were visualized using re-scan confocal microscopy (Nikon Eclipse Ti confocal microscope, Nikon Corporation, Tokyo, Japan). Scale bar is 50 µm. * p < 0.05, *** p < 0.001, one-way ANOVA, Sidak’s multiple comparisons test, n = 4–6. SC—scramble RNA, siGPR81—GPR81 silencing, 3,5-DHBA—3,5-dihydroxybenzoic acid. 
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Figure 8. Podocyte endocytosis is regulated by GPR81 signaling. (A) Integrated density and (B) average size of live early endosomes. (C) Distribution of live early endosomes in rat podocytes. Cells were transfected with scramble siRNA or GPR81 siRNA and treated with 3,5-DHBA (100 µM, 2 h). Scale bar is 50 µm, * p < 0.05, *** p < 0.001, one-way ANOVA, Sidak’s multiple comparisons test, n = 5. SC—scramble RNA, siGPR81—GPR81 silencing, 3,5-DHBA—3,5-dihydroxybenzoic acid. 
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Figure 9. Proposed mechanism of MCT1 regulation in podocytes. Both PKA activation and inhibition result in enhanced MCT1 endocytosis. Presence of extracellular lactate could decrease MCT1 membrane content through GPR81 activation (A). Intracellular lactate may increase production of reactive oxygen species (e.g., H2O2) through an upregulation of oxidative phosphorylation (OXPHOS), which subsequently promotes endocytosis of MCT1 (B). Dashed arrows represent proposed mechanism. T-bar arrows indicate inhibitory effects. 
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Table 1. Sequences of primers and probes used in the experiments.
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	Protein Name
	Gene Name
	Accession No. for mRNA Sequence
	Primer Sequence
	Probe Sequence
	Product Length (bp)





	GPR81
	Hcar1
	NC_051347.1
	Forward:

5’TTTACTCATCCTGGCCTTCC3’

Reverse:

3’AGAAACCACACAGGGCTAGG5’
	CTTGGAGC
	149



	Β-actin
	Actb
	NM_031144.3
	Forward:

5’AGCCCCTCTGAACCCTA3’

Reverse:

3’GGGGTGTTGAAGGTCTCAAA5’
	CGTGAAAAGATG
	72










 





Table 2. Primary antibodies used in the experiments.
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	Antibody
	Dilution
	Source





	MCT1
	1:1000 (Western blot)

1:400 (Western blot)

1:20 (Immunofluorescence)
	Abclonal; catalog no. A3013

Merck; catalog no. AB1286-I

SantaCruz; catalog no. sc-50325



	Caveolin 1
	1:50 (Immunofluorescence)
	SantaCruz; catalog no. sc-53564



	Rab5a
	1:50 (Immunofluorescence)
	SantaCruz; catalog no. sc-166622



	β-Actin
	1:10,000 (Western blot)
	Sigma-Aldrich; catalog no. A5441
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