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Connexin (Cx) 37, 40, and 43 are implicated in vascular function, specifically in the electrical coupling of endothelial cells and vascular smooth-muscle cells. In the present study, we investigated whether factors implicated in vascular dysfunction can modulate the gene expression of Cx37, Cx40, and Cx43 and whether this is associated with changes in endothelial layer barrier function in human microvascular endothelial cells (HMEC-1). First, HMEC-1 were subjected to stimuli for 4 and 8 h. We tested their responses to DETA-NONOate, H2O2, high glucose, and angiotensin II, none of which relevantly affected the transcription of the connexin genes. Next, we tested inflammatory factors IL-6, interferon gamma (IFNγ), and TNFα. IFNγ (10 ng/mL) consistently induced Cx40 expression at 4 and 8 h to 10–20-fold when corrected for the control. TNFα and IL-6 resulted in small but significant depressions of Cx37 expression at 4 h. Two JAK inhibitors, epigallocatechin-3-gallate (EGCG) (100–250 μM) and AG490 (100–250 μM), dose-dependently inhibited the induction of Cx40 expression by IFNγ. Subsequently, HMEC-1 were subjected to 10 ng/mL IFNγ for 60 h, and intercellular and transcellular impedance was monitored by electric cell-substrate impedance sensing (ECIS). In response to IFNγ, junctional-barrier impedance increased more than cellular-barrier impedance; this was prevented by AG490 (5 μM). In conclusion, IFNγ can strongly induce Cx40 expression and modify the barrier properties of the endothelial cell membrane through the JAK/STAT pathway. Moreover, the Cx37, Cx40, and Cx43 expression in endothelial cells is stable and, apart from IFNγ, not affected by a number of factors implicated in endothelial dysfunction and vascular diseases.
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INTRODUCTION
Electrical information originating from the depolarization of vascular structures, including endothelial cells (ECs) and vascular smooth-muscle cells (VSMCs), propagates via gap junctions along ECs (Figueroa et al., 2003). Our interest in the physiological regulation of endothelial cell connexins originates in our studies about renal blood flow (RBF) autoregulation and the intrarenal distribution of RBF (Cupples and Braam, 2007; Hanner et al., 2010; Zehra et al., 2021). Our studies indicate that the disruption of endothelial gap junctions interferes with RBF autoregulation (Figueroa et al., 2003; Mitrou et al., 2016). Studies by others indicate that in Cx40−/− mice, vascular conducted responses are impaired in all beds tested, including skeletal muscle (de Wit et al., 2000), renal microcirculation (Moller et al., 2020), and the brain (Zechariah et al., 2020), as extensively discussed by Pogoda et al. (2019). In addition, gap junctions are implicated in endothelial barrier function (Tyml, 2011). Together, Cx40 seems to play a role in microvascular regulation and barrier function. The aim of this study is to investigate the regulation of connexin expression, which forms endothelial gap junctions, particularly of Cx40, in endothelial cells.
Connexins are named by their specific protein molecular weight in kilodaltons. This report considers the vascular connexins Cx37, Cx40, and Cx43 (Larson et al., 1990; van Rijen et al., 1998). Cx40 and Cx37 are expressed in all vascular endothelia, and Cx43 is expressed in the endothelium of larger arteries and in arterial bifurcations (Saez et al., 2003; Sandow et al., 2003; Morel and Kwak, 2013; Morel, 2014). Cx43 is mainly expressed in VSMCs (Saez et al., 2003). Sorensen and Cupples pointed out that renal vascular Cx43 is variable, more often seen in cultured cells than in intact tissues (Sorensen and Cupples, 2019). There are some studies in the literature which indicate that inflammatory factors can modulate the expression of vascular connexins; yet, information on how other factors implicated in vascular disease modulate connexin expression is limited.
The hypothesis of the present study was that factors that promote cardiovascular disease, or more specifically EC dysfunction, impair the expression of EC connexins and eventually impair EC barrier function. The aim of this study was to study the responses of connexin gene expression to glucose, ANG II, oxidative stress, NO, and pro-inflammatory factors, TNFα, interferon gamma (IFNγ), and IL-6. IFNγ was identified as a factor that strongly increases Cx40 expression, and we studied whether this was mediated via the JAK/STAT pathway and whether it affected endothelial cellular barrier function.
METHODS
Reagents and chemicals
ANG II, IL-6, TNFα, IFNγ, hydrocortisone, and the JAK/STAT inhibitors AG490 and epigallocatechin-3-gallate (EGCG) were purchased from MilliporeSigma (Darmstadt, Germany). The cell culture supplements the fetal bovine serum (FBS) and penicillin–streptomycin (10,000 U/mL). L-glutamine and medium MCDB 131 were acquired from Thermo Fisher Scientific (NY, United States). The human epidermal growth factor was purchased from VWR (IL, United States). Primers for Cx37 (Hs00704917_s1), Cx40 (Hs00979198_m1), Cx43 (Hs00748445_s1), hypoxanthine-guanine phosphoribosyltransferase (HPRT) (Hs99999909_m1), and the random primer, SuperScript® II Reverse Transcriptase, TaqMan Gene Expression master mix, were obtained from Thermo Fisher Scientific (CA, United States). Details about the primary and secondary antibodies are provided in Table 1.
TABLE 1 | Technical details about the antibodies used in the study.
[image: Table 1]Cell culture and stimulation
The immortalized human microvascular endothelial cell line (HMEC-1) was obtained from the Centers for Disease Control and Prevention (Atlanta, GA, United States). This cell line was cultured in MCDB 131 with 10% FBS, 10 ng/mL EGF, 2.5 ug/mL hydrocortisone, 1% L-glutamine, and 1% penicillin/streptomycin (10,000 U/mL) in an incubator at 37C with 5% CO2. The cells were routinely treated at a split ratio of 1:4 twice per week and used in passages 20–24. For the stimulation experiments, HMEC-1 cells were seeded in 35-mm tissue culture dishes at 8 × 105/per well. After 24 h, the 85%–90% confluent cells were treated in a starvation medium (MCDB 131 medium with 0.5% FBS and 1% penicillin/streptomycin, 10,000 U/mL) overnight. The 95%–100% confluent cells were used for the stimulation experiments during the next day.
Additional experiments were performed in HUVECs, passages 3–5, and glomerular cultured ECs (GCECs), passages 3–7, to study the response to IFNγ. HUVECs were kindly provided by Dr. Allan Murray (University of Alberta) and incubated in the M199 medium with 20% FBS, 1% penicillin/streptomycin, 1% L-glutamine, and 10 mg/mL (BD 356006) ECGS at 37°C and 5% CO2. Cell passage 2–5 cells were used for the stimulation experiment. GCECs were purchased from Angio-Proteomie (Boston, MA) and were cultured in EGM™-2 MV BulletKit media (Lonza, Walkersville, MD) in a 37°C, 5% CO2 incubator. Cell passage 3–7 cells were used for the experiments.
The various compounds, glucose, 5 mM and 25 mM; DETA-NONOate, 1 μM and 10 μM (Braam et al., 2004); ANG II, 10 nM and 100 nM (Braam et al., 2003); IL-6, 20 U/mL (Bluyssen et al., 2010a); TNFα, 20 ng/mL (Hao et al., 2005); and IFNγ 1, 10 and 30 ng/mL (Bluyssen et al., 2010a), were added to the desired wells. Phosphate-buffered saline (D-PBS) was used as a control. The cells were cultured at 37°C in an incubator with 5% CO2 for 4–8 h. In the experiments where the JAK/STAT blockers, AG490 and EGCG, were used, the compounds were added 1 h before stimulation with IFNγ.
HMEC-1 immunofluorescence
Twelve-well plates were coated with fibronectin, 0.5 ug/mL, for 1 h; then, 3 × 103 HMEC-1 cells were seeded into every well and incubated overnight to reach 80% confluency. The cells were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature, followed by a wash in calcium free D-PBS with 0.2% Triton X-100. The cultures were blocked in 10% donkey serum and 1% BSA in TPBS for 1 hour and then blotted in primary connexin antibodies at 4°C overnight. Incubation with the secondary antibodies was carried out with donkey anti-rabbit IgG DyLight 488 (1:1,000 dilution) for the primary antibodies to Cx37, donkey anti-goat IgG Alexa Fluor™ 546 (1:500 dilution) for the primary antibodies to Cx40, and donkey anti-mouse IgG Alexa Fluor™ 546 (1:500 dilution) for the primary antibodies to Cx43, all for 1 hour at room temperature. The cells were stained with 0.1 ug/mL DAPI for 3 min, then mounted on the slide, and stocked in 4°C, ready for examination by fluorescence microscopy. The stained slides were imaged with the Quorum WaveFX spinning-disc confocal system (Quorum Technologies) using Volocity 6.3.1 software.
RNA extraction and real-time PCR
Total RNA was extracted using the RNeasy Mini Kit (QIAGEN, MD, United States), following standard procedures. The total RNA quantity and quality were assessed using a NanoDrop 2000 spectrophotometer (Thermo Scientific, DE, United States). Reverse transcription was carried out using SuperScript® II Reverse Transcriptase with random primers. The amount of total RNA was 1 ug/per RT reaction.
PCR was performed using a 7500 Real-Time PCR System (Thermo Fisher Scientific, CA, United States) with TaqMan Cx37, Cx40, and Cx43 primers and the TaqMan Gene Expression master mix. PCR was performed as follows: an initial denaturing step was carried out at 95°C for 10 min, along with 40 cycles at 95°C for 15 s and 60°C for 1 m. The HPRT expression was used for normalization, and fold change was calculated using ΔΔCT.
ECIS
The endothelial barrier function was assessed in real time, recording cellular- and junctional-barrier electric impedance using the Z-Theta ECIS system (Applied Biophysics, NY, United States). A gold 8W10E PET array (Applied Biophysics, NY, United States) was treated with 10 mM L-cysteine for 0.5 h. A 400 ul, 1.1 × 105 cells/mL HMEC-1 suspension was seeded into each well on the array; one well was left cell-free with only medium. The cells were incubated for 4 h at 37°C and 5% CO2 to attach and reach 80%–90% confluence. The growth medium was removed, and the cells were washed with a calcium-free, phosphate-buffered saline and left in the 0.5% FBS starvation medium overnight. After the array was placed on the stage to connect the recording system, an equilibration period was observed for 1 h. Then, the medium was replaced by the growth medium with or without stimulants in each desired well and recording was started. The impedance of the cell-electrode cartridge was measured through the ECIS Z-Theta system using the multiple-frequency option (the frequency range was from 25 Hz to 64 KHz). Impedance was continuously recorded for 60 h using ECIS software (1.2.123). Impedance time series were normalized to the fifth hour of recording. The 4 kHz and 64 kHz normalized impedance data were exported for statistical analysis.
Data analysis
Gene expression data are shown as the mean ± SD. Differences between the means were analyzed using Prism 8 software by a two-way analysis of variance (ANOVA) followed by multiple comparisons by the Tukey–Kramer test (GraphPad, San Diego, CA). For the analysis of the ECIS data, the baseline was calculated as the average of the values measured in the fifth hour, and the difference between this baseline and all remaining data points up to 65 h was calculated. These values corrected for the baseline were subjected to nonlinear regression analysis using a four-parameter sigmoidal fit. The parameters were used to recalculate the fitted curves for the 5–60 h and represented as the mean ±95% confidence interval. The level, where ECIS reached a plateau for the four and kHz frequencies, was calculated as the average of the hourly impedance data from the time point of 40–50 h for each observation. This plateau was compared using one-way ANOVA followed by the Tukey–Kramer test. The threshold for statistical significance was set at p <0.05.
RESULTS
Connexin gene expression in endothelial cells in a culture is not dependent on the confluency
In the initial studies, we assessed the gene and protein expression of Cx37, Cx40, and Cx43 in HMEC-1 cells. Figure 1 compares the gene expression in HMEC-1 at 50% and 100% confluency. Under unstimulated conditions, the gene expression of the three connexins was not different between the cells at 50% or 100% confluency (Figure 1), nor did the confluency influence responses to ANG II, high glucose, or combined IL-6, IFNγ, and TNFα. The strong (note the different scales) induction of Cx40 upon cytokines was unchanged (Figure 1). Subsequent experiments were performed at a confluence of 90%–100%.
[image: Figure 1]FIGURE 1 | Initial evaluation of connexin mRNA responses at 50 versus 100% confluency in time-control cells and in ECs after 8 h of exposure to 100 nM angiotensin II (ANG II; dark gray), a combination of 20 IU/mL IL-6, 10 ng/mL IFNγ, and 20 ng/mL TNFα (cytokines, light gray) and 20 mmol/L glucose (glucose, black). +: p <0.0001. Data represent the mean ± SD of three independent experiments.
Connexin proteins are expressed in endothelial cells in a culture
Confocal imaging (Figure 2) showed that the green positive Cx37 signal was distributed throughout the cells; this was unexpected and might point toward a protein trafficking issue in our cell line for Cx37. The red punctate signal of Cx40 and Cx43 immunofluorescence on HMEC-1 appeared at the cell surface. The slides treated only with the secondary Abs were negative.
[image: Figure 2]FIGURE 2 | Immunofluorescence of connexin 37 (Alexa Fluor™ 488, green), 40 (Alexa Fluor™ 594, red), and 43 (Alexa Fluor™ 594, red) which were stained in human microvascular ECs (HMEC-1; X-200) (upper panels). Cell nuclei were stained with DAPI (dark blue fluorescence). Confocal images of cells exposed only to the secondary antibody did not reveal any signal for Cx37, Cx40, and Cx43 (lower panels).
HMEC-1 Cx37, Cx40, and Cx43 gene expression responses to ANG II, DETA-NONOate, glucose, and H2O2
Exposure to the high dose of 100 uM ANG II for 8 h decreased the Cx37 gene expression. Exposure of HMEC-1 to 10 μM ANG II significantly increased Cx40 expression after 4 h but not after 8 h of stimulation (Figure 3). ANG II did not affect the Cx43 gene expression at 4 or 8 h. DETA-NONOate did not affect the Cx37 expression. A volume of 1 μM DETA-NONOate and not 10 μM elevated the Cx40 and Cx43 expression after 4 h of exposure only. Stimulating HMEC-1 with 5 and 25 mM glucose did not result in the modulation of the Cx37, Cx40, and Cx43 gene expression. The 8-hour exposure of the cells to 100 nM H2O2 led to a small but significant increase in the Cx37 expression. All-in-all, the changes upon stimulation were absent or very small in all these compounds.
[image: Figure 3]FIGURE 3 | HMEC-1 mRNA expression of Cx37, Cx40, and Cx43 upon exposure to ANG II, DETA-NONOate, glucose, and H2O2. Cx37 gene expression decreased after 8 h of exposure to 100 μM ANG II. Cx40 expression mildly increased after 4 h of exposure to 10 μM ANG II. The expression of Cx43 remained stable. Concentrations of 1 µM and 10 µM DETA-NONOate did not affect Cx37 expression. DETA-NONOate at 1 μM increased the Cx40 and Cx43 gene expression after 4 h. Cx37, Cx40, and Cx43 gene expressions did not change upon exposure to 5 or 25 mM glucose compared to the control. In response to H2O2, there was a slight induction of Cx37 after 8 h of exposure to 100 nM. It should be noted that all observed changes were quantitatively small. All data were derived from six independent experiments per experimental setting and three replicates in each experiment. *p <0.05; **p <0.01.
HMEC-1 Cx37, Cx40, and Cx43 gene expression responses to pro-inflammatory cytokines
Both IL-6 (20 U/mL) and TNFα (20 ng/mL) decreased HMEC-1 Cx37 gene expression and increased Cx43 expression but only after 8 h of exposure (Figure 4). IL-6 reduced Cx40 expression after 4 h, but not after 8 h of exposure. While IFNγ did not modulate Cx37 expression, 10 ng/mL IFNγ expression increased Cx40 nearly 10-fold after 4 h and 17-fold after 8 h of exposure. IFNγ 10 ng/mL minimally increased HMEC-1 Cx43 gene expression (by 20%) after 4 h of exposure.
[image: Figure 4]FIGURE 4 | HMEC-1 mRNA expression of Cx37, Cx40, and Cx43 upon exposure to TNFα, IFNγ, and IL-6. Cx37 expression significantly decreased after 8 h of exposure to IL-6 (20 U/mL) and TNFα (20 ng/mL) modulation. Cx40 expression was reduced after 4 h of exposure to IL-6, but not after 8 h. IFNγ (10 ng/mL) induced Cx40 expression, approximately 10-fold after 4 h and approximately 17-fold at 8 h. IFNγ increased Cx43 expression at 4 h but not at 8 h. Both TNFα (p <0.001) and IL-6 increased Cx43 expression significantly after 8 h of stimulation. All data were derived from six independent experiments per experimental setting and three replicates in each experiment. *p <0.05, **p <0.01, ***p <0.001, and + p < 0.0001. Significance is indicated as compared to the bars pointed at with a line with a circle.
IFNγ induces Cx40 expression via the JAK/STAT pathway
Since IFNγ signals are propagated via the JAK/STAT pathway, we tested whether the observed induction of Cx40 by 1 or 3 ng/mL of IFNγ could be blunted by EGCG and AG490, inhibitors of the JAK/STAT pathway. Pre-treatment with each compound for 1 h prior to stimulation with IFNγ prevented the IFNγ-induced induction of Cx40 expression, albeit only at a higher concentration of EGCG. HMEC-1 co-cultured with the AG490 concentration exceeding 100 μM or EGCG concentration of 250 μM displayed decreased Cx40 gene expression compared to the control (Figure 5). This would imply that there is, to a certain extent, a baseline JAK/STAT-dependent Cx40 gene expression, not necessarily driven by IFNγ.
[image: Figure 5]FIGURE 5 | HMEC-1 Cx40 mRNA expression in response to IFNγ in the absence and presence of JAK/STAT inhibitors, EGCG and AG490. EGCG inhibited the enhanced Cx40 gene expression by IFNγ 1 or 3 ng/mL at concentrations over 100 μM. Every concentration of AG490 inhibited the elevated Cx40 expression induced by IFNγ in a dose of 1 or 3 ng/mL. The highest dosages of the EGCG and AG490 inhibition resulted in a decreased Cx40 gene expression versus control. All data were derived from three independent experiments per experimental setting and three replicates in each experiment. A total of 95% confidence intervals were derived from the curve fitting. *p <0.05, **p <0.01, ***p <0.001, and + p < 0.0001. Significance is indicated as compared to the bars pointed at with a line with a circle.
Stimulation of Cx40 by IFNγ in HUVECs and GCECs
To demonstrate that the stimulation of Cx40 expression was not unique for the HMEC-1 cell line, we performed limited experiments in HUVECs (n = 3) and GCECs (n = 3). In HUVECs, we observed a limited 2.0 ± 0.3-fold induction of Cx40 gene expression to 10 ng/mL IFNγ after 4 h. In GCECs, we observed a stronger induction after exposure for 4 h to 30 ng/mL of 27 ± 1-fold. These experiments show that the induction of Cx40 by IFNγ is not unique to HMEC-1.
IFN[image: image] dose-dependently affects EC barrier function
The multiple-frequency ECIS system enables the recording of real-time changes in HMEC-1 impedance during IFNγ exposure. During the 60 h of impedance recording at 4 kHz, which assesses trans-junctional impedance, IFNγ strongly increased cell impedance (Figure 6A and Figure 7). In the first 30 h, impedance in HMEC-1 exposed to IFNγ was two times higher than that in untreated HMEC-1. After the cells became confluent, impedance plateaued. As shown in Figure 6A and Figure 7, IFNγ also caused significant changes in impedance when studied at the higher, 64 kHz, frequency, which assess transcellular impedance, but the effects were less pronounced (Figure 7). Therefore, the clear increased impedance at the lower frequency by IFNγ stimulation likely results from changes in the composition of the intercellular junction.
[image: Figure 6]FIGURE 6 | Normalized impedance of HMEC-1 at 4 kHz and 64 kHz throughout 60 h of treatment. Panels A1 and A2 show impedance changes in response to IFNγ at 4 and 64 kHz, respectively. After 1 h of recording, the medium was replaced with the growth medium containing 10 ng/mL IFNγ with DPBS serving as the control. IFNγ resulted in a higher impedance level compared to the control after 30 h at both frequencies. Panels B1 and B2 show impedance time series at 4 kHz and 64 kHz, respectively, where the HMEC-1 medium was replaced with the growth medium containing AG490 5 μM and 10 uM, with DPBS as the control. At 4 kHz, impedance plateaued at similar levels to the control in the presence of 5 μM AG490; yet, the plateau in the presence of 10 uM AG490 was lower compared to the control. At 64 kHz, both doses of AG490 resulted in a lower impedance plateau compared to the control. In panels C1 and C2, the response at 4 kHz and 64 kHz is shown where HMEC-1 cells were pretreated with AG490 and then exposed to 10 ng/mL IFNγ. Both 5 μM and 10 μM AG490 diminished the enhanced impedance in response to 10 ng/mL IFNγ at both 4 kHz and 64 kHz. Data were derived from 5–12 wells in the ECIS arrays in 5–7 independent experiments.
[image: Figure 7]FIGURE 7 | Comparison of the average impedance level between 40 and 50 h at 4 and 64 kHz. At 4 kHz between 40 and 50 h, IFNγ significantly increased impedance compared to the control. Pre-treatment with 10 μM AG490 decreased the impedance level below the control level. Pre-treatment with both doses of AG490 diminished the enhancement of impedance by IFNγ. At 64 kHz between 40 and 50 h, changes were similar but less pronounced. Data were obtained from 5–7 independent experiments. **: p <0.005; +: p <0.0001. Significance is indicated as compared to the bars pointed at with a line with a circle.
Incubation of HMEC-1 with the JAK/STAT inhibitor AG490 at 5 µM did not affect real-time impedance versus the untreated cells at both 4 kHz and 64 kHz (Figure 6B; Figure 7). At 10 µM, however, impedance was lower than that in control cells at both frequencies. The cells pre-exposed to AG490 at 5 or 10 µM followed by IFNγ stimulation displayed the dose-dependent attenuation of the increase in impedance elicited by IFNγ at 4 kHz and 64 kHz (Figure 6C; Figure 7).
DISCUSSION
Connexins are the building blocks of gap junctions (connexins) that enable intercellular, and particularly axial, electrical communication in endothelia. Previous studies implicating an important role for endothelial Cx40 in the autoregulation of the RBF (Oppermann et al., 2013; Mitrou et al., 2016; Zehra et al., 2021; More et al., 2023) triggered the current investigation. This study tested whether factors implicated in endothelial cell dysfunction and in cardiovascular and kidney disease affect the expression of vascular connexins, particularly of Cx40. ANG II mildly stimulated Cx40 expression, but not other connexins, and this was not sustained. The NO donor, DETA-NONOate, minimally stimulated the Cx40 and Cx43 expression, but this was not sustained in time either. The high glucose concentration minimally stimulated Cx40.
More importantly, IFNγ strongly enhanced the endothelial Cx40 expression, and this is mediated via the JAK/STAT pathway. In addition, TNFα stimulated Cx43 expression, but this was minimal. The effects of IFNγ on Cx40 may translate into an increase in EC barrier function, as assessed by measurements of electrical impedance. Intercellular more than transcellular impedance increased upon IFNγ administration, and this was also dependent on the JAK/STAT pathway. All in all, the most important finding is the stability of the vascular connexin expression, showing little or no modulation by several factors implicated in the microcirculatory function (ANG II and DETA–NONOate) and dysfunction (glucose, H2O2, and cytokines). The only exception was the strong effect of IFNγ on Cx40 expression.
As mentioned, our study was triggered by observations about connexins in the kidney. Endothelial connexins in the kidney serve several functions, with Cx40 and, possibly, Cx37 being mainly responsible for vascular conducted responses, elicited by renal autoregulation (Hanner et al., 2010; Zehra et al., 2021). Outside of the kidney, Cx40 is widespread in the vasculature, and the knockout of Cx40 is associated with the reduced spread of calcium signals, irregular vasomotion, and importantly, electrically mediated vascular-conducted responses (Zechariah et al., 2020) [for an extensive review, see the work of Pohl (2020)]. Cx40 is an important component of the regulation of renin release (Takenaka et al., 2008). Cx40 and Cx37 can have anti-inflammatory actions in the endothelium, while Cx43 has been implicated in pro-inflammatory actions (Abed et al., 2014). The modulation of the expression of these connexins has been less studied. Of the factors implicated in endothelial dysfunction and microvascular regulation, the most pronounced findings were that 1) Cx40 is induced by IFNγ, 2) the induction of Cx40 by IFNγ is mediated via the JAK/STAT pathway, and 3) this possibly affects the EC barrier function. We have been unable to identify any studies in the literature about these observations.
Teleologically, it makes sense that IFNγ activates the anti-inflammatory connexin Cx40. In a rat model of sepsis induced by cecal ligation and perforation, the enhanced expression of Cx40 was observed in the aortic endothelium during the recovery phase (Rignault et al., 2005). In rats injected with a single dose of LPS, aortic Cx40 expression was also induced. The administration of omega-3 fatty acids prevented the increase in Cx40 (Frimmel et al., 2014). In a follow-up study, the same group showed that LPS injected into hereditary hyper-triglyceridemic rats decreased aorta Cx40. Omega-3 fatty acids, in this case, were associated with increases in Cx40 (Frimmel et al., 2016). Specific to vascular-conducted responses, LPS administration reduced electrical coupling between endothelial cells in the vasculature of WT but not Cx40−/− mice (Siddiqui et al., 2015). Taken together, inflammation induced by LPS induced Cx40 expression, but seems to be dependent on other conditions. Unfortunately, a specific role for IFNγ was not investigated in these studies.
JAK/STAT signaling was implicated in studies in the corneal EC (Hara et al., 2019). IFNγ increased phosphorylated STAT3, consistent with the results from our group in the microvascular EC in a culture (Bluyssen et al., 2010b). Trans-endothelial resistance dose-dependently decreased when anti-STAT3 antibodies were applied, indicating a protective role for STAT3 in maintaining the EC barrier function. This was also associated with a decrease in the tight junction molecule zona occludens-1 (ZO-1). These observations are in line with our current observation that IFNγ increased EC barrier impedance and the inhibition of JAK/STAT signaling abrogated this effect. The analysis of the upstream 500 bp region of the Cx40 gene using ConTra v3 (Kreft et al., 2017) revealed binding sites for STAT1. Taken together, the role of JAK/STAT signaling in the regulation of Cx40 by IFNγ is suggested by the current observations, but this would need to be further substantiated in further studies addressing Cx40 protein expression and function.
We assessed junctional and cellular endothelial barriers by electric cell-substrate impedance sensing; intercellular impedance clearly increased upon exposure to IFNγ. Again, there is plenty of information about LPS in modulating intercellular resistance, and the picture is complex regarding the role of Cx40 in the changes in impedance (Tyml, 2011). Few studies have looked at the effect of cytokines on trans-endothelial impedance (or resistance). Confusingly, one study reported opposite findings, where over a similar time frame and using similar dosages of IFNγ, trans-endothelial resistance decreased, indicating a disruption of the endothelial barrier (Ehlers et al., 2023). In another study, it was determined that endothelial impedance was decreased by the plasma from a patient infected with SARS-CoV-2, indicating a disruption of the barrier. IFNγ levels were increased in these patients, but neutralizing antibodies against IFNγ did not change the decreased impedance (Kovacs-Kasa et al., 2022). Despite these contrasting observations, the role of IFNγ to increase EC barrier function is likely from our ECIS observations and could be linked to increased Cx40 expression. The observed decrease in impedance upon JAK/STAT inhibition under unstimulated conditions indicates a role of JAK/STAT signaling in EC barrier function.
The most important finding of the current study is that the endothelial connexin expression is not affected in any significant way by variations in the levels of factors which have been implicated in endothelial dysfunction, except for IFNγ. Since vascular connexins are integral to the autoregulation of the blood flow and vascular conducted responses (Hanner et al., 2010; Abed et al., 2014), the stable expression would favor vascular function to remain intact in a wide set of circumstances. The enhanced expression of Cx40 upon exposure to IFNγ can be viewed as an anti-inflammatory response. Cx40 has been associated with anti-inflammatory properties in other settings, which would be protective for endothelial function. Taken together, the current findings indicate that the expression of vascular connexins is stable upon the exposure of endothelial cells to a number of stimuli implicated in vascular dysfunction.
There are several limitations to our studies. First, we used the HMEC-1 cell line, which has been characterized in the past (Bouis et al., 2001). Nevertheless, this cell line does not represent a particular segment of the vascular bed. We observed a similar induction of Cx40 expression by IFNγ in HUVECs and GCECs. We, therefore, consider it likely that this response to IFNγ is a generic response of EC and not necessarily related to a particular location in the vascular bed or limited to a particular EC subtype. The study indicates that these three endothelial cell types respond to IFNγ similarly. Whether this eventually translates into an altered gap junction function in vivo requires different studies. We studied mRNA levels; mRNA levels may, but do not necessarily, reflect the altered protein, with mRNA often being observed both with and without the corresponding changes in the protein expression. Our ECIS studies show a clear increase in trans-junctional impedance upon the exposure of HMEC-1 to IFNγ, which could be related to the increase in Cx40. However, further studies would be needed to make this conclusion firm. To fully establish that the IFNγ-induced increase in Cx transcription leads to Cx40 protein formation, the incorporation of the protein in the gap junctions, in conjunction with co-factors, requires extensive further study. Moreover, to demonstrate that the responses will sustain for a longer duration and will affect EC function for a longer duration would require significant investment using animal models.
Taken together, this exploration of the modulation of endothelial connexin expression reveals a strong induction of Cx40 by IFNγ via the JAK/STAT pathway. Other factors implicated in endothelial (dys)function did not affect Cx37, Cx40, and Cx43 expression significantly. In addition, IFNγ via JAK/STAT increases monolayer impedance, likely acting on the junctional barrier. Further studies are needed to investigate whether the strong enhancement of Cx40 transcription is associated with protein expression, with functional changes in the gap junction and, finally, with any relevance of these findings in vivo.
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