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Abstract: N-[2-(2-Butyrylamino-ethoxy)-ethyl]-butyramide (BA-NH-NH-BA), a derivative of 

butyrate in fermentation metabolites of skin bacteria, can suppress the calcium phosphate (CaP)-

induced itching, interleukin-6 (IL-6) production in skin, and activation of phosphorylated Bruton's 

tyrosine kinase (p-BTK) in dorsal root ganglion (DRG). By using IL-6 knockout (KO) mice, we verified 

that IL-6 was essential for CaP-induced activation of p-BTK in DRG. Data from western blotting 

showed that both butyrate and BA-NH-NH-BA at 4 mM effectively attenuated CaP-induced activation 

of p-BTK. Flow cytometry analysis revealed that the topical application of BA-NH-NH-BA at lower 

doses (< 4 mM) on mouse skin was sufficient to induce the acetylation on lysine 9 of histone H3 

(AcH3K9) in keratinocytes. By knocking down free fatty acid receptor 2 (Ffar2) in mouse skin, we 

demonstrated that, unlike butyrate, BA-NH-NH-BA down-regulated the CaP-induced activation of p-

BTK via an Ffar2-independent pathway. Exploring the biological mechanism underlying AcH3K9 

and/or Ffar2 may expedite the development of BA-NH-NH-BA as a therapeutic for the treatment of 

uremic pruritus in patients with chronic kidney disease (CKD). 
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1. Introduction 

Chronic kidney disease (CKD) is a progressive loss of renal function affecting nearly 

14% of adults in the United States and remains a major contributor to morbidity and mortality 

[1]. Pruritus is a frequent and burdensome symptom in CKD and has been linked to calcium 

phosphate (CaP) deposition in the skin, contributing to inflammation and impaired quality of 

life in dialysis patients [2-7]. Xerosis and chronic itch are particularly common among 

individuals undergoing hemodialysis or peritoneal dialysis [8-13]. Both central and peripheral 

mechanisms contribute to CKD-associated pruritus. Central sensitization involves G protein–

coupled receptors (GPCRs) and downstream activation of extracellular signal–regulated kinase 

(ERK), which enhances spinal neuron excitability to pruritogens [14-16]. Peripherally, chronic 

elevation of interleukin-6 (IL-6) in serum and skin has been associated with inflammation and 
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adverse outcomes in CKD, suggesting that IL-6 plays a key role in itch-related signaling. 

Bruton’s tyrosine kinase (BTK), a non-receptor kinase involved in immune cell activation, has 

also been implicated in renal inflammation, and BTK inhibition reduces disease severity in 

nephritis models [17,18].  

Histone deacetylases (HDAC) inhibition has been shown to improve inflammatory and 

fibrotic markers in kidney disease models, supporting its potential as a therapeutic approach 

[19-21]. The inhibition of HDAC led to a dose-dependent reduction of IL-6 by inducing 

phosphorylation of signal transducer transcription 3 (STAT3) in naïve CD4+ T-cells [22]. 

However, the molecular links between HDAC activity and IL-6 regulation are poorly 

understood. 

Research has evidenced that short-chain fatty acids (SCFAs) are vital players in 

regulating inflammation through free fatty acid receptor 2 (Ffar2). Ffar2 is expressed in 

monocytes, neutrophils [23,24], regulatory T cells [25], and dendritic cells [26]. SCFAs like 

propionate and acetate can activate Ffar2 [27,28] through coupling to inositol 1,4,5-

triphosphate formation, activation of extracellular signal-regulated kinase 1/2 (ERK 1/2), by 

intracellular Ca2+ release, and inhibition of cyclic adenosine monophosphate (cAMP) 

accumulation [28,29]. However, butyrate exerted its functions through either Ffar2 binding or 

HDAC inhibition [30,31]. Although SCFAs exhibit anti-inflammatory properties, their 

therapeutic use is limited by short half-lives and unfavorable physicochemical characteristics 

[32,33]. 

To address these limitations, we investigated BA-NH-NH-BA, a butyrate derivative 

with improved stability and solubility. This study examines whether BA-NH-NH-BA 

modulates CaP-induced IL-6, ERK, and phosphorylated BTK (p-BTK) signaling in 

keratinocytes and dorsal root ganglion (DRG), and whether its activity involves histone 

acetylation and Ffar2-associated pathways. 

2. Materials and Methods 

2.1. Administration of CaP and GLPG0974. 

KERTr (keratinocytes transformed HPV 16 E6/E7 oncogenes) cells were added with 0, 

0.05, 0.5, and 5 mg/mL of CaP. CaP (5 mg/ml) was injected subcutaneously into ICR mice to 

mimic the CKD-associated pruritic [34]. For Ffar2 inhibition, GLPG0974 (Ffar2 inhibitor) 

(Tocris Bioscience, Ellisville, MO, USA) was dissolved in dimethylsulfoxide (DMSO) (Sigma, 

St. Louis, MO, USA) to make a stock solution. Ffar2 was inhibited by gavage feeding of 

GLPG0974 (0.1–1 mg/kg) diluted in Phosphate buffer saline (PBS) (Gibco, Gaithersburg, MD, 

USA) [35], 20 min prior to topical application of butyrate or BA-NH-NH-BA, which was 

synthesized using a published protocol [36]. DMSO (0.1% in saline) was used as a vehicle 

control [37]. 

2.2. Western blotting. 

A subcutaneous injection of calcium phosphate (CaP; 5 mg/mL) was delivered to the 

dorsal skin of ICR, WT, and IL-6-KO mice, followed 10 min later by topical treatment with at 

4 mM, either as butyrate or BA-NH-NH-BA. A. In a separate experiment, the Ffar2 gene was 

silenced for 24 h by subcutaneous injection with scrambled or Ffar2 siRNA or gavage feeding 

with Ffar2 antagonist GLPG0974, followed by CaP (5 mg/mL) injection and application with 

4 mM butyrate or BA-NH-NH-BA for 3 days. Dorsal root ganglion (DRG) was isolated after 
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2 h of CaP injection from ICR, IL-6 KO, and WT mice on the third day. In an in vitro 

experiment, KERTr cells were treated with or without 4 mM butyrate or BA-NH-NH-BA. The 

cell lysates or DRG homogenates ran through the 10% sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE), transferred to the polyvinylidene fluoride (PVDF) membrane 

(MilliporeSigma, Burlington, MA, USA) and subsequently blocked by the 5% (w/v) of bovine 

serum albumin (BSA) (Apolo Biochemical Inc., Hsinchu, Taiwan) for anti-BTK (phosphor 

Y550) (ab52192, 1:2,000) (Abcam, Cambridge, MA, USA) and 5% (w/v) of non-fat milk for 

β-actin (1:1,000, #4967, Cell Signaling, Danvers, MA, USA) before incubation overnight with 

respective antibodies. Next, followed by the secondary antibody, goat anti-rabbit (#G-21234) 

or anti-mouse (#G-21040) (1:5000; Thermo Fisher Scientific, Waltham, MA, USA), incubation 

for 1 h, chemiluminescent detection reagent, and Omega LumTM C Imaging System (Gel 

Company, San Francisco, CA, USA) was used for the detection of protein bands. Image J 

software was adopted for the densitometric analysis of protein bands. 

2.3. Flow cytometry. 

The C57BL/6 mice were used for flow cytometry analysis. The dorsal skin of mice was 

topically tested with 100 µL of PBS and 0.1, 0.4, 1, and 4 mM BA-NH-NH-BA in PBS for 2 

h. The single-cell suspensions were prepared from mouse skin treated with BA-NH-NH-BA. 

Next, enzymatic digestion was pursued for 1 h with 2.5 mg/mL collagenase Type II and Type 

IV (Life Technologies, Grand Island, CA, USA) and 0.5 mg/mL DNase (Roche, IN, USA) in 

PBS containing 1% BSA at 37°C. Dulbecco’s modified Eagle medium (DMEM) (Thermo 

Fisher Scientific) with 10% fetal bovine serum (FBS) was used for the quenching of digests. 

Subsequently, it was filtered with a 70 µM nylon filter (BD Bioscience, San Jose, CA, USA). 

DMEM containing 10% FBS was used for washing, followed by PBS/BSA. 0.01% 

formaldehyde (Polyscience, Warrington, PA, USA) was used for cell fixation, and 0.3% Triton 

was used for permeabilization (MilliporeSigma) before incubation with Alexa Fluor® 647 anti-

acetylated lysine (Biolegend, San Diego, CA, USA) or Alexa Fluor® 448 anti-keratin 10 (K10) 

antibody [EP1607IHCY] (Abcam) at a dilution of 0.1 µg/mL in PBS/BSA for 1 h at 4°C. Guava 

EasyCyte 8HT two lasers were used for the analysis of cells, and a six-color microcapillary-

based benchtop flow cytometer (MilliporeSigma) for assessing acetylation on lysine 9 of 

histone H3 (AcH3K9) and K10 expression. The stains of AcH3K9 and K10 were represented 

on the X-axis and Y-axis of the flow cytometry profile, respectively. 

2.4. Ffar2 knockdown by siRNA.  

The chemically modified Ffar2 siRNA was purchased from GenePharma Co. 

(Shanghai, China). A scramble siRNA, which did not target any known sequence, served as a 

negative control. The oligonucleotide sequences of siRNA for Ffar2 were the sense strand, 5’-

CCGGUGCAGUACAAGUUAUTT-3’ and anti-sense strand, 5’-

AUAACUUGUACUGCACCGGTT-3’. The oligonucleotide sequences of scrambled siRNA 

were sense strand, 5’UUCUCCGAACGUGUCACGUTT and anti-sense strand, 5’-

ACGUGACACGUUCGGAGAATT-3’. These chemically modified siRNAs (5 µM) were 

intradermally injected in the dorsal skin of ICR mice using microneedles to knock down the 

gene expression of Ffar2 [38,39]. 
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2.5. Enzyme-linked immunosorbent assay (ELISA). 

KERTr cells were treated with 0, 0.05, 0.5, and 5 mg/mL CaP, followed by lysis with 

a radioimmunoprecipitation assay (RIPA) buffer supplemented with 

ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor cocktail (MilliporeSigma). 

Mouse skin samples were collected after 2 h of CaP injection. Cell or tissue lysates were 

extracted using tissue protein extraction reagent (T-PERTM), and IL-6 was measured by a 

mouse (Catalog #DY406) or human (Catalog #DY206) ELISA assay kit (R&D Systems, 

Minneapolis, MN, USA) according to the manufacturer’s protocol.  

2.6. Statistical analysis. 

Data analyses were performed by an unpaired t-test using GraphPad Prism software. 

The p-values of <0.05 (*), <0.01 (**), and <0.001 (***) were considered significant. At least 

three independent experiments were conducted to obtain the mean ± standard deviation (SD). 

3. Results and Discussion 

3.1. The essential role of IL-6 in CaP-induced p-BTK in DRG.  

Disturbance in CaP metabolism with pruritus is a major problem associated with 

chronic dialysis patients with CKD. The human KERTr cells were treated with CaP (0-5 

mg/ml) to mimic the CaP deposition in CKD patients. CaP-induced IL-6 secretion was detected 

by ELISA. As shown in Figure 1A, CaP induced IL-6 secretion from KERTr cells in a dose-

dependent manner. The highest dose of 5 mg/mL CaP triggered the secretion of IL-6 at 

approximately 135 pg/mL. The IL-6 KO mice were used to investigate further the essential role 

of IL-6 in the CaP-induced signaling of p-BTK. The activation of p-BTK in DRG by CaP was 

dramatically suppressed when CaP was injected into the dorsal skin of IL-6 KO mice (Figure 

1B), indicating that secretion of IL-6 from keratinocytes was essential for activation of p-BTK 

in DRG. 

 
Figure 1. IL-6 regulated CaP-induced p-BTK expression. (A) Protein levels of IL-6 in KERTr cells treated with 

0, 0.05, 0.5, and 5 mg/ml CaP were measured by ELISA; (B) Western blot analysis of p-BTK and β-actin in 

DRG of WT and IL-6 KO mice injected with/without CaP. The bar chart showed the ratio of intensities of p-

BTK relative to β-actin. The mean ± SD was calculated from three independent experiments with 3 mice per 

group. The p-values of <0.01 (**) and <0.001 (***), were shown; ns = non-significant. 
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3.2. Inhibition of CaP-induced p-BTK by butyrate and BA-NH-NH-BA. 

Results in our previous studies have shown that subcutaneous injection of CaP into 

mouse skin provoked scratching, increased the levels of IL-6 in skin, and p-ERK 1/2 in DRG. 

The CaP-induced scratching and an increase in IL-6 and p-ERK 1/2 were significantly 

ameliorated by the topical application of 4 mM butyrate or BA-NH-NH-BA onto CaP-injected 

skin. Although p-BTK in DRG can be detectable after subcutaneous injection of CaP [40], it is 

not clear whether the topical application of butyrate or BA-NH-NH-BA affects the CaP-

induced activation of p-BTK. As shown in Figure 2, a significant reduction in p-BTK in DRG 

was detected after the topical application of butyrate or BA-NH-NH-BA onto the CaP-injected 

skin (Figure 2), demonstrating the inhibitory effects of both butyrate and BA-NH-NH-BA on 

CaP-induced activation of p-BTK in DRG. 

 
Figure 2. Inhibition of CaP-induced p-BTK expression in DRG of mice by 4 mM butyrate (BA) or BA-NH-

NH-BA. Western blot analyses of p-BTK and β-actin in DRG of CaP-injected mice, and topically applied with 

BA or BA-NH-NH-BA, were performed. The ratios of intensities of p-BTK relative to β-actin were shown. The 

mean ± SD was calculated for three independent experiments. Three mice per group were used. The p-value 

<0.001 (***)was indicated. 

3.3. Dose-dependent induction of AcH3K9 by BA-NH-NH-BA.  

It has been reported that 4 mM, but not a lower dose, of butyrate can inhibit the HDAC 

[41]. Mouse skin wounds, pretreated with butyrate or BA-NH-NH-BA, can effectively induce 

the AcH3K9 in keratinocytes [42]. To determine the efficacy of low doses of BA-NH-NH-BA 

to induce AcH3K9 in vivo, the dorsal skin of C57BL/6 mice was topically applied with 0.1, 

0.4, 1, and 4 mM BA-NH-NH-BA for 2 h. The induction of AcH3K9 in keratinocytes was 

gated for K10 in flow cytometry analysis. As shown in Figure 3, more than fifty-five percent 

of single cells of mouse skin were identified as AcH3K9 and K10 double positive. A significant 

increase in the percentage of AcH3K9 and K10 double-positive cells was observed when 

mouse skin was topically applied with 0.1 mM BA-NH-NH-BA. The higher percentages of 

AcH3K9 and K10 double-positive cells were detected with an increase in dose (0.4, 1, or 4 

mM) of BA-NH-NH-BA (Figure 3). The result demonstrated the histone acetylation property 

of BA-NH-NH-BA at lower doses. 
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Figure 3. Induction of AcH3K9 by different doses of BA-NH-NH-BA. Flow cytometry was conducted to detect 

AcH3K9 in the single-cell suspension of mouse skin treated with H2O or 0.1, 0.4, 1, and 4 mM BA-NH-NH-

BA. Antibodies to K10, a marker for differentiated keratinocytes, and AcH3K9 were used for staining. Isotype 

was used as a control to identify the non-specific background staining. The bar graph represented the percentage 

(%) of cells positively stained with both AcH3K9 and K10. The p-values of <0.05 (*), <0.01 (**), and <0.001 

(***) from three different experiments with mean ± SD were shown. 

3.4. No effect of Ffar2 knockdown on the attenuation of CaP-induced p-BTK by BA-NH-NH-

BA. 

Anti-inflammatory activity of butyrate can be triggered by the binding of butyrate to 

Ffar2 [43,44]. Inhibition of HDACs is also a molecular mode of action of butyrate or 

propionate, but not acetate, to reduce inflammation [42,45]. Interestingly, overexpression of 

HDACs was observed in a Ffar2-deficient mouse model of colorectal cancer, leading to the 

development of colon adenomas and the further progression to adenocarcinoma, revealing a 

crucial role of epigenetic changes in the process of disease progression [46,47]. To determine 

if inhibition of CaP-induced p-BTK by butyrate or BA-NH-NH-BA is mediated by Ffar2, an 

in vivo approach for knockdown of the Ffar2 expression in mouse skin by subcutaneous 

injection of Ffar2 siRNA and by gavage feeding of Ffar2 selective antagonist GLPG0974 (0.1–

1 mg/kg). Results from western blotting in Figure 4A, 4B showed that the knockdown of Ffar2 

by its specific siRNA or GLPG0974 as a specific antagonist significantly blocked the inhibitory 

action of butyrate, but not BA-NH-NH-BA, on CaP-induced activation of p-BTK. The result 

demonstrated that, unlike butyrate, BA-NH-NH-BA inhibited the CaP-induced activation of p-

BTK, which was independent of Ffar2. On combining results here and from other publications 

[40,48], subcutaneous injection of CaP into mouse skin induced secretion of IL-6 from 

keratinocytes. IL-6 is essential for CaP to induce the activation of p-BTK in DRG (Figure 1). 

Butyrate may exhibit dual action, concurrently inducing AcH3K9 and binding to Ffar2, thereby 

diminishing CaP-induced activation of p-BTK in DRG. However, BA-NH-NH-BA, as an 

epigenetic drug, induced AcH3K9 in keratinocytes independent of Ffar2 to down-regulate the 

CaP-induced activation of p-BTK in DRG (Figure 4C). 

The present study demonstrates that CaP-induced activation of p-BTK in the DRG 

requires IL-6 derived from keratinocytes. This is supported by the absence of p-BTK induction 

in IL-6 KO mice and is consistent with previous reports linking CaP exposure to increased IL-

6 expression and activation of downstream signaling pathways, including p-ERK and p-BTK, 
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in models of uremic pruritus [49-52]. The enhancement of p-BTK expression by recombinant 

IL-6 further reinforces the role of IL-6 as an upstream regulator in this pathway, although the 

feedback effect of BTK inhibition on IL-6 levels noted in earlier studies warrants additional 

investigation [53,54]. 

 
Figure 4. Regulation of CaP-induced p-BTK expression by butyrate (BA) or BA-NH-NH-BA in response to 

Ffar2 and HDAC in vivo. Western blot analyses of p-BTK and β-actin in DRG of CaP-induced mice 

subcutaneously injected with scrambled or Ffar2 siRNA (A) or gavage feeding with GLPG0974 or DMSO; (B) 

10 min prior to topical application with BA or BA-NH-NH-BA. The ratios of intensities of p-BTK relative to β-

actin from both experiments are shown. The mean ± SD was calculated for three separate experiments using 

three mice per group with p-values <0.001 (***); ns = non-significant; (C) The signaling pathway of CaP-

induced secretion of IL-6 from KERTr cells, activation of p-BTK in DRG, and further targeting this signaling 

by BA or BA-NH-NH-BA treatment through Ffar2 or AcH3K9 mediated mechanism is proposed. 

Topical butyrate and BA-NH-NH-BA attenuated CaP-induced p-BTK activation. 

These findings align with prior evidence showing that HDAC inhibition can reduce 

inflammatory signaling, including BTK activation, in immune-related disorders [42,55,56]. 

Compared with butyrate, BA-NH-NH-BA induced AcH3K9 at substantially lower doses, 

consistent with the enhanced epigenetic activity reported for certain butyrate derivatives and 

co-drugs [57-62]. The favorable solubility and stability profile of BA-NH-NH-BA may further 

support its potential as a therapeutic candidate relative to naturally occurring SCFAs [36].  

Our data also reveal mechanistic differences between butyrate and BA-NH-NH-BA in 

relation to Ffar2. While Ffar2 knockdown or antagonism compromised the inhibitory effect of 

butyrate on p-BTK, BA-NH-NH-BA remained effective under the same conditions. This 

distinction is consistent with previous findings showing that SCFAs can act through both 

receptor-dependent and HDAC-dependent mechanisms, and that HDAC inhibition can occur 

independently of Ffar2 signaling [63-65]. The reduced affinity of BA-NH-NH-BA for Ffar2 

due to its extended carbon structure provides a plausible explanation for this independence 

[66]. 

Overall, our findings suggest that BA-NH-NH-BA suppresses CaP-induced pruritic 

signaling primarily through epigenetic regulation, including the induction of AcH3K9 and 

modulation of IL-6–dependent pathways affecting p-BTK. While this study supports a 

mechanistic framework involving HDAC-associated signaling, additional work will be needed 

to delineate further the molecular interactions linking BA-NH-NH-BA, histone acetylation, IL-

6 regulation, and neuronal activation in the DRG [67-70]. 
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4. Conclusions  

The findings of this study indicate that BA-NH-NH-BA and butyrate can attenuate CaP-

induced p-BTK activation, with IL-6 serving as an upstream regulator in this pathway, and that 

BA-NH-NH-BA is able to induce AcH3K9 at lower doses. While these results suggest potential 

epigenetic and receptor-independent effects of BA-NH-NH-BA, the current data are not 

sufficient to establish definitive mechanistic pathways. Therefore, the proposed actions 

involving Ffar2 independence and histone acetylation should be interpreted cautiously, and 

further studies will be required to validate these mechanistic hypotheses and clarify their 

relevance to uremic pruritus. It has been shown that topical application of fermenting 

Cutibacterium acnes (C. acnes), butyrate, and its derivative BA-NH-NH-BA significantly 

suppressed the CaP-induced IL-6 in skin [71,72], illustrating the potential to develop 

fermentation metabolites as postbiotics for treatment of uremic pruritus [73,74]. 
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Supplementary materials 

  

Figure S1. The full-length western blot images of Figure 1B. From left to right: Protein markers (M); the 

protein levels of p-BTK and β-actin in DRG of WT and IL-6 KO mice injected with/without CaP.  

 

Figure S2. The full-length western blot images of Figure 2. From left to right: Protein markers (M); the protein 

levels of p-BTK and β-actin in DRG of CaP-injected mice and topically applied with BA or BA-NH-NH-BA. 

 

 
Figure S3. The full-length western blot images of Figure 4. The upper panel from left to right: Protein markers 

(M); the protein levels of p-BTK and β-actin in DRG of CaP-induced mice subcutaneously injection with 

scrambled or Ffar2 siRNA. The lower panel from left to right: gavage feeding with GLPG0974 or DMSO 10 

min prior to topical application with BA or BA-NH-NH-BA. 
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