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Background: The association between gut microbes and short-chain fatty acids

(SCFAs) and therapeutic responses of patients with lung cancer (LC) receiving

therapy remains unknown.

Methods: Fecal and serum samples were prospectively collected from patients

with LC, classified as responders, if they presented durable clinical benefits, and

non-responders, if not. The composition of gut microbes was analyzed using

16S ribosomal DNA sequencing. Serum SCFA concentrations were detected

using gas chromatography. Cell proliferation, migration, invasion, cell cycle, and

apoptosis assays were performed on isobutyric acid-treated A549 cells. Reverse

transcription-quantitative PCR, Western blotting, immunocytochemistry, and

immunofluorescence staining experiments have been performed to investigate

the expression of associated genes or proteins.

Results: Non-responders harbored higher microbiome α-diversity but lower

β-diversity compared with responders. Compared to the patients with low

α-diversity, those with high α-diversity showed significantly shorter progression-

free survival. Additionally, β-diversity has also been observed between these

two groups. Specifically, Parasutterella, Clostridiaceae, and Prevotella_7

were more abundant among responders, whereas Bacteroides_stercoris

and Christensenellaceae_R-7_group were more abundant in non-responders.

The serum SCFA (especially acetate and isobutyrate) levels tended to be higher

in responders. Isobutyric acid inhibited the proliferation, migration, and invasion

of A549 cells by inducing apoptosis and G1/S arrest while upregulating the

expression of GPR41, GPR43, and GPR5C and downregulating that of PAR1, and

increasing the activity of histone acetyltransferases.

Conclusion: We revealed the influence of gut microbiota and SCFAs on the

therapeutic responses in patients with LC and the anti-tumor e�ect of isobutyric

acid, indicating their potential use as therapeutic targets.
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Introduction

Lung cancer (LC) has been reported as the leading cause of

death related to malignancies and as the second most common

malignancy all over the world (Siegel et al., 2019). LC is a highly

heterogeneous disease, including small cell LC (SCLC) and non-

small cell LC (NSCLC). Despite the recent development of targeted

therapies for some genetic subtypes and immune checkpoint

inhibitors (ICIs) for all subtypes of human LC, the overall survival

(OS) rates of patients with LC remain very low. Furthermore,

the mechanisms underlying the disease incidence and progression

remain poorly understood.

During the last decade, various investigations have been

conducted on the association between gut microbiota and cancer.

Specifically, gut microbiota were demonstrated to modulate

metabolic pathways, systemic inflammation, gut barrier function,

and immune cells, all of which play key roles in cancer progression

(Tremaroli and Backhed, 2012; Liu et al., 2021a). Moreover, recent

studies have indicated that gut microbes might be associated

with the responses to therapeutic strategies against cancer. To

understand the association between the microbiome and immune

responses, recent studies have mainly focused on the association

between microbiota and immunotherapy (Gopalakrishnan et al.,

2018). For example, West and Powrie demonstrated that gut

microbes might be associated with the response to immunotherapy

agents of malignancies, including anti-CTLA-4 and anti-PD-L1.

Mechanistically, gut microbes might strengthen the activation of

dendritic and anti-tumor T-cell responses in patients with cancer

(West and Powrie, 2015). Importantly, the findings reveal that

immunostimulation by Bacteroides spp. and Bifidobacterium spp.

had a vital effect on therapeutic response. In addition, Hakozaki

et al. found that the α-diversity of the gut microbes is associated

with the OS of patients with LC treated with ICIs (Hakozaki

et al., 2020). Ruminococcaceae UCG 13 and Agathobacter are more

abundant in patients who presented a better objective response rate

and progression-free survival (PFS) of greater than half a year.

Mechanistically, the gut microbiota break down dietary fibers

into short-chain fatty acids (SCFAs), which could be potential

mediators of the immune function of the gut microbiome. In

contrast, Wang et al. illustrated that the levels of fecal SCFAs

declined in patients with colorectal cancer (CRC) compared

to those in healthy controls, which might be because of the

depletion in SCFA-producing microbes, such as Lachnospiraceae

and Bifidobacterium spp. (Wang et al., 2012). Furthermore, SCFAs

act as tumor suppressors by activating G protein-coupled receptors

Abbreviations: CCK-8, cell counting kit-8; CRC, colorectal cancer;

ddH2O, double distilled H2O; FACS, fluorescence-activated cell sorting;

FBS, fetal bovine serum; GC-MS/MS, gas chromatography–tandem

mass spectrometry; GPCRs, G protein-coupled receptors; HAT, histone

acetyltransferase; HDACs, histone deacetylases; ICC, immunocytochemical;

ICIs, immune checkpoint inhibitors; LC, lung cancer; NSCLC, non-small

cell lung cancer; OS, overall survival; PBS, phosphate-bu�ered saline; PFS,

progression-free survival; qRT-PCR, reverse transcription-quantitative PCR;

rDNA, ribosomal DNA; SCFAs, serum short-chain fatty acids; SCLC, small

cell lung cancer.

(GPCRs) and inhibiting histone deacetylases (HDACs) (Mirzaei

et al., 2021).

Despite the accumulating evidence mentioned earlier, clinical

studies analyzing the potential association between gut microbes,

serum SCFAs, and LC are rarely reported. To the best of our

knowledge, this is the first human study exploring the combined

action of gut microbes and serum SCFAs in patients with LC

treated with chemotherapeutic or targeted drugs and the associated

molecular mechanisms.

Method

Study population and sample collection

This study recruited patients diagnosed as LC between June and

December 2020. Clinical information, serum, and stool samples

of the included patients were collected. Details are provided in

Supplementary material 1.

16S ribosomal DNA (rDNA) gene
sequencing

The composition of gut microbiota was analyzed through

rDNA sequencing. The processes include the following steps: the

extraction of genome DNA, amplicon generation, quantification

and quantitation of PCR products, and library preparation and

sequencing. Details are provided in Supplementary material 1.

Analysis of concentration of SCFAs

The concentration of SCFAs was quantified using gas

chromatography–tandem mass spectrometry (GC-MS/MS)

analysis. The materials and detailed detection methods involved

are provided in Supplementary material 1, with the title of

chemicals and reagents, sample preparation and extraction, and

GC-MS/MS analysis.

Cell culture and reagents

The human NSCLC cell line A549 was purchased from the

Chinese Procell biological company and cultured in Ham’s F-

12K (PM150910; Solarbio Company, China) supplemented with

10% fetal bovine serum (FBS) in a humidified atmosphere with

5% CO2 at 37◦C. The A549 cells were treated with 1.85mM

isobutyric acid (I103524; Aladdin Company, China) for 48 h for

further experiments.

Cell counting kit-8 assay

A CCK-8 (WLA074; Wanleibio Company, China) was used to

measure cell viability. In brief, 5 × 103 cells were seeded into 96-

well plates in triplicate and treated with different concentrations

of isobutyric acid (0.21, 0.62, 1.85, 5.56, 16.67, and 50mM) for
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48 h. CCK-8 working solution was added and allowed to react

for 2 h at 37◦C. Absorption at 450 nm was determined using a

microplate reader (800TS; BioTek Company, USA), and the relative

cell viability was calculated according to the obtained OD.

Colony formation assay

The A549 cells were prepared in triplicate in a 60-mm Petri

dish and continuously cultured for 10 d. Former colonies were fixed

with 4% paraformaldehyde for 15min and stained with Wright-

Giemsa stain for 5min. The number of colonies was counted under

a light microscope, and representative images were captured using

a camera.

Transwell assay

Transwell assays were performed using transwell chambers

without Matrigel (14341; LABSELECT Company, China) to

evaluate cell migration and invasion. In brief, 3 × 104 cells were

seeded into 24-well plates in triplicate and treated with different

concentrations of isobutyric acid in double distilled H2O (ddH2O),

ranging between 0 and 1.85mM. Cells in 200 µl serum-free A549

cell suspension were seeded in the upper chamber of the plate,

whereas the lower chamber was filled with 800 µl Ham’s F-

12k supplemented with 10% FBS. After incubation for 48 h at

37◦C, Transwell chambers were washed twice with phosphate-

buffered saline (PBS), migrated or invaded cells were fixed with

4% paraformaldehyde for 25min, stained with 0.4% crystal violet

staining solution for 5min, observed, and counted under a ×200

magnification microscope.

Fluorescence-activated cell sorting analysis

For cell apoptosis, cells treated with isobutyric acid for 48 h

were collected and incubated with the Annexin V-FITC Apoptosis

Detection Kit (WLA001; Wanleibio Company, China) for 15min

at 25◦C. FACS analysis was performed using propidium iodide

staining. For cell cycle analysis, cells treated with isobutyric acid

for 48 h were fixed with 70% ethanol and incubated with the A-PI

Cell Cycle Detection Kit (WLA010; Wanleibio Company, China)

for 30min at 25◦C according to the manufacturer’s instructions.

After incubation, approximately 5 × 105 cells were analyzed using

a flow cytometer (ACEA Company, NovoCyte, USA).

Reverse transcription-quantitative PCR

Total RNA was isolated from the indicated cell lines using

TriPure lysate (RP1001; BioTek, China). RNA aliquots (1 µg) were

then reverse-transcribed using the ExicyclerTM 96 Real-Time PCR

instrument (BIONEER Company, Korea) according to standard

protocols: 10min at 25◦C, 50min at 42◦C, and 10min at 80◦C.

qRT-PCR was performed using the ExicyclerTM 96 Real-Time PCR

instrument according to the manufacturer’s instructions. qPCR

was performed on the reverse-transcribed cDNA samples using

the SYBR Green qPCR Master Mix (SY1020; Solarbio Company,

China). Thermocycling conditions were as follows: 94◦C for 5min,

followed by 40 cycles at 94◦C for 10 s, 60◦C for 20 s, and 72◦C

for 30 s. The fluorescence threshold value was calculated using the

2−11Cq method (PCR primers see Supplementary Table 1).

Western blot analysis

Cells were washed once with PBS and lysed in lysis buffer

on ice for 5min. Cell lysates were centrifuged at 12,000 rpm for

10min at 4◦C, boiled in 5× loading buffer, and subjected to protein

determination (BSA,WLA004;Wanleibio Company, China). Equal

amounts (15–30 µg/well) of protein samples were separated using

sodium dodecyl sulfate–polyacrylamide gel electrophoresis and

transferred to polyvinylidene difluoride membranes. Membranes

were first blocked with 5% non-fat dry milk and incubated

with primary antibodies specific against acetyl-histone H3, acetyl-

histone H4, GPR41, GPR43, GPRC5A, and PAR1 at a 1:1,000

dilution ratio and against histone H3 and histone H4 at a 1:500

dilution ratio. Samples were probed with anti-acetyl-histone H3

antibodies (A7255; Abclonal Company, China), anti-histone H3

antibodies (WL0984a; Wanleibio Company, China), anti-acetyl-

histone H4 antibodies (A7258; Abclonal Company, China), anti-

histone H4 antibodies (A1131; Wanleibio Company, China), anti-

GPR41 antibodies (66811-1-Ig; Proteintech Company, China),

anti-GPR43 antibodies (DF2746; Affinity Company, China), anti-

GPRC5A antibodies (DF5148; Affinity Company), and anti-PAR1

(AF0263; Affinity Company) at 4◦C overnight. Membranes were

then stained with secondary antibodies at 1:5,000 dilution at

25◦C for 45min, and an ECL solution (WLA003; Wanleibio

Company, China) was used for visualization. The results were

analyzed using the Gel-Pro Analyzer software (version 4.0; Media

Cybernetics, USA).

Immunocytochemical staining

A549 cells were seeded in triplicate into 12-well plates and fixed

with 4% paraformaldehyde for 15min. Subsequently, cells were

incubated with 0.1% Triton X-100 (1 µl Triton X-100 dissolved

in 1ml PBS; ST975, Beyotime Company, China). Endogenous

peroxidase activity was blocked using 3% hydrogen peroxide for

15min. PBS was removed from the 12-well plates, and cells were

incubated with 1% BSA for 15min at 25◦C. Anti-acetyl-histone H3,

anti-GPR41, anti-GPR43, anti-GPRC5A, and anti-PAR1 antibodies

were applied at a dilution of 1:100, whereas anti-acetyl-histone

H4 antibody was applied at a dilution of 1:500, and all samples

were incubated at 4◦C overnight. The signal was visualized using

diaminobenzidine. Sections were counterstained with hematoxylin.

ICC results were scored by accounting for the percentage of positive

detection and intensity of staining. The intensity score was as

follows: 0, no staining; 1, weakly positive; 2, moderately positive;

and 3 and 4, strongly positive.
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Immunofluorescence staining

A549 cells were fixed with 4% (w/v) paraformaldehyde for

15min at 25◦C and washed twice with PBS. Cells were then

incubated in 0.1% (v/v) Triton X-100 in PBS for 30min and then

blocked with 1% BSA in PBS for 15min at 25◦C. After blocking,

cells were incubated with anti-acetyl-histone H3, anti-GPR41, anti-

GPR43, anti-GPRC5A, and anti-PAR1 antibodies at a dilution of

1:100, whereas anti-acetyl-histone H4 antibody was applied at a

dilution of 1:500. All samples were incubated at 4◦C overnight,

then washed twice with PBS and incubated for a further 1 h

with a secondary antibody (conjugated to fluorescent dye; 1:200

dilution), and finally washed thrice with PBS. After completing all

necessary washing steps, cell nuclei were counterstained with 4′,6-

diamidino-2-phenylindole (D106471-5mg; Aladdin Company,

China). Coverslips were inverted onto a glass slip with 20–40 µl

fluorescent mounting medium (S2100; Aladdin Company), and

cells were observed under a fluorescence microscope.

Histone acetyltransferase activity assay

Nuclear protein extraction was performed using the Nuclear

and Cytoplasmic Protein Extraction Kit (WLA020; Wanleibio

Company, China) according to the manufacturer’s instructions.

Proteins were quantified using a BCA Protein Quantification

Kit (WLA004; Wanleibio Company, China) according to the

manufacturer’s instructions. Protein samples (50 µg) were

subjected to the HAT activity assay (ab65352; Abcam Company,

China) as follows: (1) Preparation of test samples: 50 µg nuclear

protein was dissolved in 40µl water, with 40µl ddH2Obeing added

as background control. (2) Assay mix: 68 µl assay mix (50 µl 2 ×

HAT detection buffer, 5 µl HAT substrate I, 5 µl HAT substrate II,

and 8 µl NADH generating enzyme) was prepared and added to

each well. (3) The plate was incubated at 37◦C for 2 h. Absorption

was determined at 440 nm. We determined HAT activity (OD/µg

protein) as follows:

(OD sample− OD background)/50 µg protein

Statistical analysis

The statistical methods for analyzing the data of gut

microbiota, SCFA, and in vitro experiments are provided in

Supplementary material 1, with the title of statistical analysis of

gut microbiota data, statistical analysis of SCFA levels, Spearman’s

correlation analysis, and statistical analysis of in vitro experiments.

Results

Baseline characteristics of the population

In total, we collected stool and serum samples from 60 patients

with LC. Among them, 30 patients are defined as responders,

whereas 30 patients are defined as non-responders. There are no

significant differences in age, sex, disease stage, smoking history,

pathological type, and Eastern Cooperative Oncology Group

scores, and treatment between responders and non-responders was

observed (Table 1).

Di�erences in α- and β-diversity between
responders and non-responders

First, we determined the microbial diversity using the Chao1,

Shannon, and Simpson indices. As a result, we found that α-

diversity was significantly reduced in responders compared to

that in non-responders (Figure 1A: Chao1, p < 0.01, Figure 1B:

Shannon, p = 0.02, Figure 1C: Simpson, p = 0.01). These results

indicated that the intraindividual bacterial diversity in responders

was distinctly different from that in non-responders.

Second, we used the PCoA (Figure 1D) of Bray–Curtis to

quantify β-diversity in two groups. The Bray–Curtis distances

demonstrated that gut microbes in responders are significantly

different from that in non-responders (Figure 1E; p< 0.01), further

indicating that β-diversity differed among the two groups. Hence,

the structural diversity of the gut microbiota might be closely

related to its therapeutic effect in patients with LC.

Distinct composition of gut microbes
between the two groups

We found that Proteobacteria was the most enrichment

phylum in both groups, and the next are Bacteroidetes, Firmicutes,

Cyanobacteria, unknown_Bacteria, Actinobacteria, Fusobacteriota,

Desulfobacterota, and Verrucomicrobiota (Figure 2A). Among

them, Verrucomicrobiota was significantly more abundant in

non-responders than in responders (p < 0.001; Figure 2B).

The individual data of taxonomic composition distribution in

responders and non-responders on the phylum level are shown in

Supplementary Figure 1A.

We also performed MetaStat to compare the differences in

the composition of fecal bacterial communities at the genus

level between the two groups (Figure 2C). We found that

the abundances of Christensenellaceae_R-7_group (p < 0.01),

Prevotella_7 (p = 0.04), Rikenellaceae_RC9_gut_group (p = 0.04),

Prevotellaceae_NK3B31_group (p = 0.05), Saccharofementans (p =

0.03), NK4A214_group (p = 0.02), Prevotellaceae_UCG-003 (p =

0.03), Parasutterella (p = 0.01), Lachnosiraceae_XPB1014_group

(p = 0.03), and Staphylococcus (p < 0.01) are significantly

different between the two groups (Figure 2D). The individual data

of taxonomic composition distribution in responders and non-

responders on genus level are shown in Supplementary Figure 1B.

We used LEfSe to further analyze whether specific bacterial

taxa showed different abundances between the two groups.

By using the logarithmic LDA score cutoff of 3, 39 key

discriminants are identified (see Supplementary Table 2 and

Figure 2E). Specifically, we identified one kingdom, Bacteria

(p = 0.009), one genus, Clostridium_sensu_stricto_1 (p =

0.014), and one family, Clostridiaceae (p = 0.025), that

were significantly overrepresented in the feces of responders.

Conversely, two species, Bacteroides_stercoris (p = 0.004) and
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TABLE 1 Clinical characteristics of participants.

Baseline characteristic Responder (n = 30) Non-responder (n = 30) p-value

Age (year), mean ± SD 61.13± 4.96 62.13± 6.29 0.436

≥65, n (%) 7 (23.3%) 14 (46.7%)

<65, n (%) 23 (76.7%) 16 (53.3%)

Sex, n (%) 0.781

Male 21 (70%) 20 (66.7%)

Female 9 (30%) 10 (33.3%)

Clinical stage, n (%) 0.828

I 2 (6.7%) 1 (3.3%)

II 0 0

III 17 (56.7%) 17 (56.7%)

IV 11 (36.7%) 12 (40%)

Smoking history, n (%) 0.796

Yes 15 (50%) 16 (53.3%)

No 15 (50%) 14 (46.7%)

Pathological type, n (%) 0.666

SCLC 10 (33.3%) 11 (36.7%)

NSCLC

Squamous cell carcinoma 9 (30%) 6 (20%)

Adenocarcinoma 11 (36.7%) 13 (43.3%)

ECOG score, n (%) 0.554

0 1 (3.3%) 2 (6.7%)

1 29 (96.7%) 28 (93.3%)

Treatment 0.312

Chemotherapy 26 22

Targeted therapy 4 8

SD, standard deviation; ECOG, Eastern Cooperative Oncology Group.

Clostridlaceae_bacterium_DJF_VR76 (p < 0.001), and one genus,

Christensenellaceae_R-7_group (p < 0.001), were enriched in

non-responders. Interestingly, a cladogram of the taxonomic

hierarchical structure of gut microbes from class to species shows

significant differences in the phylogenetic distributions between

the microbes of the two groups (Figure 2F). As a result, there are

notable differences in the composition of gut microbes between the

two groups.

Higher levels of serum acetate and
isobutyrate in responders

We assessed the serum levels of SCFAs (acetate, butyrate,

caproate, isobutyrate, isovalerate, propionate, and valerate) in

a subgroup of 60 participants (30 responders and 30 non-

responders). We detected that the total serum concentrations of

SCFAs tended to be higher in responders compared to those in

non-responders. We also observed the same pattern that the level

in the responders tended to be higher when analyzing each SCFA

separately (see Supplementary Figure 2). The log2 abundance of

total SCFA, acetate, and isobutyrate was remarkably higher in

responders than in non-responders (p < 0.001). We found that

levels of butyrate and caproate were notably higher in responders

(p < 0.05). Although serum concentrations of propionate, valerate,

and isovalerate were consistent, the difference was not statistically

significant (Figure 3A).

Correlations between gut microbiota and
short-chain fatty acid

We used the Spearman correlation coefficient to calculate the

coefficients of different genera and serum SCFAs and explore

the correlation between an imbalance in the composition of

gut microbes and alterations in serum SCFA concentrations.

As shown in Figure 3B, it was worth mentioning that we

found that Haemophilus was positively correlated with five
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FIGURE 1

Gut microbial diversity in responders (n = 26) and non-responders (n = 28). α-diversity was evaluated based on the Chao1 (A), Shannon (B), and

Simpson (C) indices of the OTU levels. Principal coordinate analysis of β-diversity was based on the PCoA (D) and Bray–Curtis (E) analyses of the

OTU levels.

SCFA levels (p < 0.01: acetate, propionate, valerate, and

isobutyrate; p < 0.001: butyrate), potentially indicating a strongly

synergistic effect between Haemophilus and SCFAs, especially

butyrate. Conversely, Bosea, Christensenellaceae_R−7_group, and

Prevotellaceae_NK3B31_group were negatively correlated with at

least five SCFA levels. Among them, we observed a negative

correlation between Bosea and six SCFA levels (p < 0.01: caproate;

p < 0.001: acetate, butyrate, propionate, valerate, and isobutyrate).

This negative correlation might indicate an antagonistic effect

between these microorganisms and their metabolites, especially

Bosea and serum SCFA concentrations. These data suggested

that patients with LC exhibit notable taxonomic disturbances

in the gut microbes, potentially leading to a markedly altered

SCFAs’ profile.

Isobutyrate suppressed the malignant
biological properties of LC cells

We found that serum acetate and isobutyrate levels were

markedly reduced in non-responders. Thus, we assumed that

acetate and isobutyrate might act as tumor suppressors in LC.

Previous studies explored the molecular mechanism of the anti-

cancer effect of acetate (Marques et al., 2013; Xia et al., 2016),

but there is little evidence about the influence of isobutyrate

on the biological characteristics of cancer cells, especially LC.

To explore the tumor suppressor role of isobutyrate in LC, we

performed cell proliferation, migration, and invasion assays on

A549 cells after treatment with isobutyric acid. Compared with

the control group, we noticed that cell activity was remarkably

decreased in the isobutyric acid-treated group. The inhibitory effect

of isobutyric acid on the activity of LC cells was concentration-

dependent, exhibiting statistical significance at concentrations of

1.85mM (p < 0.05), 5.56mM (p < 0.01), 16.67mM (p < 0.01),

and 50mM (p < 0.01) (Figure 4A). Thus, we chose the minimum

effective concentration (1.85mM) for subsequent experiments.

After treatment with 1.85mM isobutyric acid, we found that the cell

cloning rate (29.50%) was lower than that in the control (46.50%

for the control and 47% for the negative control, NC, 0mM;

Figure 4B).

As shown in Figures 4C, D, isobutyric acid prevented the

migration and invasion of A549 cells. Statistically, the average

number of migrating and invading isobutyric acid-treated A549
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FIGURE 2

Microbiota composition in responders (n = 26) and non-responders (n = 28). (A) Summary of the relative abundances of phyla present in the study

population. (B) Log2 abundance of Verrucomicrobiota. Verrucomicrobiota were significantly elevated in non-responders compared with responders.

Statistically significant di�erences according to the MetaStat are marked with asterisks. ***p < 0.001, **p < 0.01, and *p < 0.05. (C) Summary of the

relative abundances of bacterial genera detected in responders and non-responders. (D) Genus-level bacteria that were significantly di�erent

between the responders and non-responders. Statistical analysis was performed by the t-test. (E) Histogram of LDA scores to identify di�erential

abundant bacteria between responders and non-responders (LDA score > 3). (F) Cladogram generated from the LEfSe analysis indicating the

phylogenetic distribution from class to species of the gut microbiota of responders and non-responders.
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FIGURE 3

Log2 abundance of short-chain fatty acids (SCFAs) and Spearman’s analysis between gut microbiota and SCFA. (A) Log2 abundance of total SCFA

and acetate, butyrate, caproate, isobutyrate, isovalerate, propionate, and valerate separately. Log2 abundance of acetate and isobutyrate was found

to be reduced significantly in non-responders (n = 30) compared with responders (n = 30). P-values from the t-test are shown. ***p < 0.001, **p <

0.01, and *p < 0.05. (B) Spearman’s correlation analysis between the gut bacteria genus and serum SCFA. Positive and negative correlations are

shown as pink and blue in the heat map, respectively. Significant microbiota–metabolite correlations were determined based on an | r | ≥ 0.8 and p <

0.05 (*p < 0.05).

cells was <65 and 50, respectively, which was a significant

reduction compared with the respective number of cells (more

than 165 migrating cells, p < 0.01, and more than 125

invading cells, p < 0.01) in control groups. Hence, we propose

an alternative therapeutic method using isobutyric acid for

treating LC.
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FIGURE 4

Isobutyric acid suppresses the malignant cellular biological behavior, induces cell apoptosis and G1/S arrest in lung cancer cells. (A) After isobutyric

acid treatment (control, NC, 0.21mM, 0.62mM, 1.85mM, 5.56mM, 16.67mM, and 50mM), the cell proliferation activity decreased gradually with the

increase of isobutyric acid concentration. (B) After isobutyric acid treatment (control, NC and 1.85mM), A549 cells were fixed in 4%

paraformaldehyde and stained with Wright-Giemsa Stain. The cell cloning e�ciency decreased in the 1.85mM treatment group compared with the

control groups. After isobutyric acid treatment (control, NC and 1.85mM), A549 cells were fixed in 4% paraformaldehyde and stained with 0.4%

crystal violet. Both the numbers of cell migration (C) and invasion (D) decreased in the 1.85mM treatment group compared with the control groups.

The cells were imaged with a ×200 magnification microscope. FACS analysis using propidium iodide staining was performed after treatment of A549

cells with isobutyric acid (control, NC and 1.85mM). (E) Both early and late phase apoptosis rate of A549 cells increased in the 1.85mM treatment

group compared with the control groups. (F) After isobutyric acid treatment, the percentage of A549 cells increased in the S phase while decreased

in the G1 phase in the 1.85mM treatment group compared with the control groups (NC and 1.85mM). P-values were calculated using Student’s

t-tests. ns: no significance; *p < 0.05; **p < 0.01; and ***p < 0.001. All experiments were repeated three times. NC, negative control (0mM).
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Isobutyrate-induced G1/S arrest and cell
apoptosis in A549 cells

We assessed whether the inhibition of isobutyric acid on the

malignant biological properties of A549 cells was related to the

influences of isobutyric acid on apoptosis and the cell cycle of

LC cells. We performed FACS analysis to analyze the influence of

isobutyric acid on apoptosis and cell cycle in A549 cells. As shown

in Figure 4E, the proportion of cells in the early and late phases

of apoptosis in the isobutyric acid-treated group was higher than

that in the control group (p < 0.01). Moreover, we observed G1/S

arrest in A549 cells after treatment with isobutyric acid (Figure 4F),

implying that isobutyric acid-induced G1/S arrest and apoptosis,

thus inhibiting the growth of LC cells.

Isobutyrate regulated the expression of
GPCRs and activated HAT

To analyze the role of isobutyric acid at the molecular

level, we designed primers to amplify GPCR. As a result, we

found that the expression levels of GPR41, GPR43, and GPRC5A

were significantly increased, whereas that of PAR1 significantly

decreased after treatment of A549 cells with isobutyric acid

(Figure 5A: p < 0.01). Moreover, we detected that the expression

of GPCRs was clearly induced by the treatment of LC cells with

isobutyric acid, as observed by Western blotting (Figure 5B: p <

0.01). Furthermore, GPCRs were notably induced or reduced in

the isobutyric acid-treated cells compared to that in the controls

(Figure 5C: p < 0.01). Additionally, we analyzed the location

of the expression of GPCRs using immunofluorescence staining

(Figure 5D). Our results revealed that treatment with isobutyric

acid affected the transcription of GPCR-related genes, inhibiting

the growth of LC cells.

We performed similar experiments to detect the expression of

acetylated histones and histones in A549 cells. We found that the

expression of acetylated H3 andH4 histones was remarkably higher

in the isobutyric acid-treated group than that in the control group

(Figure 5E: acetylated histone H3, p < 0.05, acetylated histone H4,

p < 0.01; Figure 5F: acetylated histone H3, p < 0.01; acetylated

histone H4, p < 0.05). Furthermore, we analyzed the localization

of the expression of acetylated histones using immunofluorescence

staining (Figure 5G). However, we did not detect any significant

difference in the expressions of H3 and H4 histones between the

isobutyric acid-treated and control groups (Figure 5E). We found

that isobutyric acid upregulated the levels of acetylated histones

by activating HAT. Next, we analyzed the activity of HAT in

LC cells after treatment with isobutyric acid using the Histone

Acetyltransferase Activity Assay. We found that the activity of HAT

was significantly higher in A549 cells treated with isobutyric acid

than that in the controls (Figure 5H: p < 0.01). In summary, the

results showed that being treated with isobutyric acid increased

apoptosis and induced cell cycle arrest through regulating the

expression of GPCRs and activity of HAT in LC cells; these data

provided useful information on the potential anti-cancer role of

isobutyric acid for the treatment of LC.

Discussion

This is the first study to explore the composition of gut

microbes, concentrations of SCFAs, and their association with

responses to chemotherapy or targeted therapy in patients

with LC. Both the α-diversity and β-diversity were different

between responders and non-responders. Based on previous studies

showing the association of reduced diversity with an unfavorable

response to immunotherapy (Jin Y. et al., 2019; Heshiki et al., 2020),

we expected to detect reduced α- and β-diversities in patients with

LC who responded worse to chemotherapy or targeted therapy

(non-responders). Moreover, higher microbial diversity usually

associates with better health, whereas reduced microbial diversity

usually associates with several disease states (Lozupone et al.,

2012). Despite identifying reduced β-diversity in non-responders,

α-diversity was higher in non-responders in our study population.

However, various factors influence the biodiversity of human gut

microbiota, including antibiotic application (Becattini et al., 2016),

dietary habits (Rinninella et al., 2019), obesity (Gerard, 2016), and

environmental factors (Anwar et al., 2021). Hence, more attention

should be paid to the key microorganisms that were notably

different between the two groups.

In addition, differential abundances of certain bacterial

taxa have been found between responders and non-responders.

Specifically, Parasutterella was found to be more abundant among

responders in our study. Pi et al. reported an elevated abundance of

Parasutterella in patients with CRC after anti-PD-1 treatment (Pi

et al., 2020). Additionally, Messaoudene et al. observed that camu-

camu reversed the anti-PD-1 resistance through direct interactions

with commensal bacteria. In animal models, the numbers of

Parasutterella increased after treatment with camu-camu and

anti-PD-1 (Messaoudene et al., 2022). In this study, the higher

abundance of Clostridiaceae and Prevotella_7 seemed to be related

to a better response to chemotherapy or targeted therapy in

patients with LC. Although the role of these bacteria in anti-tumor

therapeutic efficacy has seldom been reported, their association

with cancer risk is known from previous studies. For example, one

network analysis reported that a higher abundance ofClostridiaceae

was closely related to a lower risk of NSCLC (Vernocchi et al.,

2020). However, an elevated abundance of Prevotella_7 appeared

to increase the risk of cancer. Liu et al. found that the abundance

of Prevotella_7 was higher in patients with choriocarcinoma

than in those with invasive moles (Liu et al., 2021b). Moreover,

receiver operating characteristic analysis showed that Prevotella_7

might be a potential biomarker for the identification between

choriocarcinoma and invasive moles. A similar result was reported

by Wu et al., revealing that the higher relative abundance of

Prevotella_7 was related to the increased risk of gastric cancer (Wu

et al., 2020).

Conversely, Bacteroides_stercoris was significantly more

abundant among non-responders. Andrews et al. reported a

contrasting result while studying the association between gut

microbiota and the efficacy of anti-CTLA-4 combined with

anti-PD-1 in melanoma patients (Andrews et al., 2021). Andrews

et al. found that Bacteroides_stercoris was more abundant in

patients with melanoma who exhibited longer PFS. Moreover,

the Christensenellaceae_R-7_group was also found to be more
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FIGURE 5

Isobutyric acid regulated G protein-coupled receptor (GPCR) expression and histone acetyltransferase (HAT) activity. For the expression of GPCRs,

the results of RT-qPCR (A), Western blot (B), and immunocytochemical staining (C) showed that GPR41, GPR43, and GPRC5A expressions were

significantly higher, while PAR1 expression was significantly lower in isobutyric acid treatment group (1.85mM) than the control groups (control and

NC). Immunofluorescence staining (D) identified the expression location of GPCRs. For the expression of acetyl-histones and histones, the results of

Western blot (E) and immunocytochemical staining (F) showed that acetyl-histone H3 and H4 expressions were significantly higher in the isobutyric

acid treatment group (1.85mM) than the control groups (control and NC), whereas Western blot results showed that there was no significant

di�erence of the expression of histone H3 and H4 between isobutyric acid treatment group and the control groups. Immunofluorescence staining

(Continued)
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FIGURE 5 (Continued)

(G) identified the expression location of acetyl-histone H3 and H4. HAT activity assay (H) results showed that HAT activity was increased in the

isobutyric acid treatment group (1.85mM) than in the control groups (control and NC). P-values were calculated using Student’s t-tests. ns: no

significance; *p < 0.05; **p < 0.01; ***p < 0.001. All experiments were repeated three times. NC, negative control (0mM).

abundant in non-responders. One meta-analysis showed that the

Christensenellaceae_R-7_group was more abundant in patients

with gut diseases, including CRC, compared with healthy controls

(Mancabelli et al., 2017). However, an association between the

Christensenellaceae_R-7_group and anti-tumor drug response

has seldom been reported. Finally, although the results of

our study are not entirely consistent with those of previous

studies on other cancer types, we assumed that Parasutterella

and Bacteroides_stercoris might be biomarkers for predicting

therapeutic efficacy in patients with NSCLC. Furthermore,

elucidating the role of markedly different bacteria between the

two groups in anti-cancer drug response might be a direction for

future research.

In addition, this study explored the association between the

serum concentration of SCFAs and chemotherapeutic or targeted

drug efficacy in LC. The serum SCFA (especially acetate and

isobutyrate) levels in responders were higher than those in

non-responders. SCFAs show anti-inflammatory effects through

interacting with the immune system, thus improving gut barrier

integrity in patients with malignancies (Martinez et al., 2012;

Bach Knudsen et al., 2018). Notably, the destruction of gut

barrier integrity promotes and contributes to cancer progression

(Martinez et al., 2012). In addition, it was recently shown that

following anti-PD1 treatment, the levels of acetate, butyrate, and

propionate decreased in non-responders compared to those in

the responders with various solid cancers, including melanoma,

head and neck cancer, gastrointestinal cancer, genitourinary cancer,

lung adenocarcinoma, and sarcoma (Yu et al., 2011; Nomura

et al., 2020). This finding indicated that the fecal and plasma

concentrations of SCFAs were associated with the efficacy of anti-

PD-1 treatment. In our study, we speculated that the altered

levels of acetate and isobutyrate were associated with the anti-

inflammatory effects in cancer tissues and closely related to the

response of patients to drugs.

SCFAs are major end-product metabolites of the gut

microbiota, with several bacterial producers, such as Prevotella,

Bifidobacterium, and Bacteroides, being confirmed in previous

studies (Yu et al., 2011; Murugesan et al., 2018). Accordingly,

we performed a combined analysis of the gut microbiota

and serum SCFA levels using Spearman’s rank correlation

coefficient. We observed a significant positive or negative

correlation between SCFAs and some genera. Moreover, WGCNA

by Vernocchi et al. generated strong correlations between

the SCFA levels and a healthy gut microbiota by comparing

PD1-treated patients with NSCLC to the healthy controls

(Vernocchi et al., 2020). The association between SCFAs and gut

microbiota illustrated that the identification of gut microbe-related

biomarkers might indicate personalized treatment for patients

with LC.

At the molecular level, SCFAs derived from the microbiome

inhibit the growth of various cancers, such as colon and lung cancer,

by modulating GPCRs, histone hyperacetylation, or through the

dysregulation of the expression of BCL-2 and PCNA (Zhao et al.,

2018; Kim et al., 2019; Mirzaei et al., 2021). However, studies

on SCFAs focus on acetate, butyrate, and propionate, and the

effect of isobutyrate in LC is not clear. Therefore, we further

investigated the effect of isobutyric acid on A549 cells and

demonstrated novel findings regarding its role in the treatment of

LC. Isobutyric acid inhibited the malignant biological properties of

LC cells by inducing G1/S phase arrest and increasing apoptosis.

In addition, we found that isobutyric acid regulated the expression

of GPCRs and the activity of HAT in the A549 LC cell line.

The upregulation of GPR41, GPR43, and GPRC5A expression,

as well as the activity of HAT and the downregulation of PAR1

expression, have previously been shown to be mainly involved in

cell cycle arrest (Miao et al., 2010; Tang et al., 2011; Wu et al.,

2012; Sawada et al., 2020; Ribelli et al., 2021). Moreover, SCFAs

regulated the expression of GPCRs and subsequently affected

cancer progression, as confirmed in previous studies. For example,

propionate inhibited colon cancer progression by upregulating the

expression of GPR43 and GPR109A (Tang et al., 2011; Singh et al.,

2014). The interaction between GPRC5A or PAR1 and SCFAs,

especially isobutyrate, was reported for the first time in this study.

Interestingly, GPRC5A might have contrasting roles in different

solid malignant tumors, such as facilitating cell proliferation in

prostate cancer (Sawada et al., 2020), whereas suppressing cell

viability and inducing cell apoptosis in LC (Jin et al., 2017).

Furthermore, Jin et al. found that the low expression of GPRC5A

indicated a worse prognosis in NSCLC (Jin E. et al., 2019). In

addition, PAR1 has been found to have contrasting functions in

various cancer types (Liu et al., 2017; Adams et al., 2018). For

instance, Adams et al. identified that PAR1 impeded prostate

and intestinal tumor progression in mice (Adams et al., 2018).

However, in LC, the proliferation of cancer cells notably reduced

when the expression of PAR1 was knocked down (Wu et al.,

2014).

Studies showed that SCFAs regulated the levels of acetylated

histones by inhibiting HDACs. More specifically, they showed

that butyrate bounds to HDACs and acts as an HDAC inhibitor

in colon cancer (Wu et al., 2018). Surprisingly, we found that

isobutyric acid activated HAT in A549 cells. An in vitro study

showed that mesoderm induction early response 1, family member

3 (MIER3) inhibited the proliferation of A549 and H460 cells by

decreasing the activity of HAT p300 (Zhang et al., 2020). A study

performed by Liu et al. found that Snail transcription was repressed,

whereas the expression of E-cadherin increased following the

transfection of A549 cells with a p300 small interfering RNA,

potentially inhibiting mesenchymal transition and metastasis of LC

(Chang et al., 2017). Hence, we concluded that SCFAs regulated the

levels of acetylated histones by acting on both HDAC inhibitors

and HAT activators. To translate this hypothesis into clinical

practice, in vivo studies are needed for further evaluating the
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activity of isobutyrate and exploring the accurate mode of action

of isobutyrate treatment in regulating GPCR expression and

HAT activity.

This study has several limitations. First, the response of

patients with LC to drugs varied depending on the pathological

type and treatment strategy. The LC group comprised patients

with both NSCLC and SCLC. Treatment strategies consisted

of chemotherapy and targeted therapy. Therefore, differences

between responders and non-responders might have been related

to the pathological type and treatment strategies, as well as

the length of PFS. However, we might partly confirm that

our findings as the percentage of pathological types in each

group were similar and fecal samples were collected before the

initiation of treatment. Nevertheless, cohorts with larger and

more homogeneous patients are needed to explore the distinct

interactions between gut microbes and therapeutic efficacy in

patients with LC. It might be beneficial to assess the differences

between responders and non-responders to the same type of

treatment within one broadly pathological type (NSCLC or

SCLC) to exclude the confounding effects of pathological types

and treatment strategies. In addition to the cancer type, the

disease stage might also influence the composition of gut

microbes and disease survival. Advanced diseases often respond

worse to anti-cancer drugs; thus, we could not exclude that

the observed microbial disturbances in patients with LC may

be related to differences in cancer stage. In view of the fact

that patients with advanced diseases more urgently need new

targeted therapeutic approaches, it will be significant to compare

responders and non-responders with metastatic LC in future

research studies.

Conclusion

In summary, we showed that the response to therapeutic

drugs was related to specific alterations in the composition of gut

microbes as well as serum concentrations of SCFAs in patients

with LC. Moreover, Parasutterella and Bacteroides_stercoris are

potential biomarkers for predicting the therapeutic efficacy in

patients with LC. Isobutyrate effectively inhibited LC progression.

These findings represent a key first step and emphasize the

necessity to assess whether the gut microbes and SCFAs

(especially isobutyrate) could be used as therapeutic targets

in treating LC. Given the limited efficiency of current therapeutic

strategies, we believe innovative anti-cancer strategies are

urgently required.
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