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A B S T R A C T

Background: Emerging evidence suggests that nutritional prehabilitation reduces risk of complications after colorectal cancer (CRC) surgery. The gut 
microbiota and its metabolic activity potentially link preoperative diet to postoperative outcomes.
Objective: To investigate associations between preoperative plasma levels of microbial-derived metabolites and postoperative complications in patients 
with CRC.
Methods: We used data from a prospective cohort study among 1220 patients with nonmetastatic CRC. The short-chain fatty acids (SCFAs) acetate, 
propionate, butyrate, and valerate, as well as the branched-chain fatty acids (BCFAs) isovalerate, isobutyrate, and α-methylbutyrate, were measured in 
plasma collected at diagnosis. Prevalence ratios (PR) were calculated using regression models adjusted for age, sex, tumor location, smoking status, and 
physical health status.
Results: Acetate levels of 40.0 μmol/L were associated with a lower risk of any postoperative complications compared with the reference of 20.0 μmol/ 
L [PR: 0.76; 95% confidence interval (CI): 0.62, 0.93]. Higher levels of propionate (per 1 μmol/L) were associated with a lower risk of any com-
plications (PR: 0.84; 95% CI: 0.73, 0.96). Similar associations were found for acetate (per 20 μmol/L) and propionate (per 1 μmol/L) in relation to 
surgical complications (PR: 0.75; 95% CI: 0.60, 0.93; and PR: 0.83; 95% CI: 0.69, 1.00; respectively). No associations were found for BCFAs in relation 
to complications. Low (below median) total SCFA levels combined with high (above median) total BCFA levels were least favorable in terms of 
complication risk (PR: 1.35; 95% CI: 1.02, 1.80) when compared with a low SCFA/low BCFA profile.
Conclusions: Our findings suggest that microbial fermentation processes, mainly those resulting in higher SCFA levels, may be linked to postoperative 
recovery. These findings provide leads for future studies investigating the role of preoperative diet, especially the balance between fiber and protein 
intake, and microbial metabolism in relation to postoperative recovery of patients with CRC.
This study was registered at clinicaltrials.gov with registration number NCT03191110.
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Introduction

Colorectal cancer (CRC) is one of the most common cancers 
worldwide, with 1.9 million estimated new diagnoses in 2020 [1]. In 
Western countries, most patients with CRC undergo surgical

resection of the primary tumor [2]. Up to one third of these patients 
experience postoperative complications [3], such as anastomotic 
leakage, surgical site infection, and ileus, which are associated with 
impaired quality of life, prolonged hospital stay, and higher mortality 
rates [3–5].

Abbreviations: ASA, American Society of Anesthesiologists; BCFA, branched-chain fatty acid; CI, confidence interval; COLON, COlorectal cancer: Longitudinal, Observa-
tional study on Nutritional and lifestyle factors; CRC, colorectal cancer; DCRA, Dutch ColoRectal Audit; LOD, limit of detection; NCR, Netherlands Cancer Registry; PR, 
prevalence ratio; SCFA, short-chain fatty acid.
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Earlier work in the Colorectal cancer: Longitudinal, Observational 
study on Nutritional and lifestyle factors (COLON) study showed that 
higher habitual dietary fiber intake before surgery was associated with 
a lower risk of postoperative complications [6]. Preclinical studies also 
hint toward a protective role of preoperative nutritional interventions 
(i.e., low-fat/high-fiber) in the context of postoperative recovery, 
although biological mechanisms have not been fully elucidated 
[7–10]. Emerging evidence suggests that the gut microbiota is 
involved in the pathogenesis of complications of abdominal surgery 
[11–13]. The gut microbiota interacts with the host, among others, via 
the production of microbial metabolites derived from fermentation of 
undigested dietary components such as fiber or protein [14,15]. These 
microbial metabolites could be absorbed by colonocytes and may 
subsequently appear in the systemic circulation [14].

The main products of fiber fermentation are short-chain fatty acids 
(SCFAs), including acetate, propionate, and butyrate [16,17]. SCFAs 
serve as energy source for colonocytes, support gut barrier function, 
and can have anti-inflammatory effects [16,18–20]. Animal studies 
have shown that SCFAs increased anastomotic strength as well as 
collagen synthesis and maturation, which are important for wound 
healing [20,21]. Hence, these findings may point toward a protective 
role for SCFAs regarding complications after abdominal surgery.

When dietary fiber intake is low, the gut microbiota may switch 
from fermentation of fiber, referred to as saccharolytic fermentation, to 
fermentation of protein, called proteolytic fermentation [15,22]. Pro-
teolytic fermentation results in production of several metabolites, 
including branched-chain fatty acids (BCFAs) such as isovalerate, 
isobutyrate, and α-methylbutyrate [15,23]. Although little is known 
about the impact of BCFAs on host physiology [15,24], increased 
production of BCFAs is often accompanied by production of other 
proteolytic metabolites, including hydrogen sulfide, p-cresol, and 
biogenic amines that are known to induce intestinal inflammation or 
damage the colonic epithelium [23,25]. Therefore, we speculate that 
increased BCFA production may have implications for colonic healing 
after surgery.

So far, clinical studies on SCFAs and BCFAs in the context of CRC 
surgery are lacking. Here, we investigated whether preoperative 
plasma SCFA and BCFA levels are associated with risk of post-
operative complications and with length of hospital stay in patients 
with nonmetastatic CRC. Furthermore, the potential combined impact 
of plasma SCFA and BCFA levels on postoperative complications was 
evaluated, as we hypothesized that the balance between microbial 
saccharolytic and proteolytic fermentation is important for recovery 
after CRC surgery.

Methods

Patients
We used data from the COLON study, which has been described in 

detail before [26]. Briefly, the COLON study is a prospective cohort 
study among 2107 patients with CRC, focusing on diet and other 
lifestyle factors that may influence tumor recurrence, survival, and 
quality of life. Patients newly diagnosed with CRC were recruited 
from 11 hospitals in the Netherlands between 2010 and 2020 and 
followed during and after treatment. Both men and women, aged ≥18 
y, with any stage of disease were included. Non-Dutch-speaking pa-
tients, or patients with a history of CRC or (partial) bowel resection, 
inflammatory bowel disease, hereditary CRC syndromes, or a mental 
condition affecting abilities to complete questionnaires were not 
included in the study. All participants provided written informed

consent. The COLON study was approved by the Committee on 
Research involving Human Subjects, region Arnhem-Nijmegen, the 
Netherlands (2009–349), and was registered at clinicaltrials.gov with 
identifier NCT03191110. This study followed the Strengthening the 
Reporting of Observational Studies in Epidemiology guideline.

For this study, we used the data of patients with stage I–III CRC 
who provided preoperative blood samples (Figure 1). Patients with 
stage IV disease (n = 141) were excluded, as metastases in major 
organs (especially liver) may affect circulating SCFA and BCFA levels 
[27]. Patients who did not undergo surgery (n = 17), underwent 
nonelective surgery (n = 6), underwent transanal endoscopic surgery 
(n = 16), had hyperthermic intraperitoneal chemotherapy (n = 2), had 
a blood sample drawn after surgery (n = 40), or missing date of blood 
draw (n = 10) were also excluded from analyses. Additionally, pa-
tients with missing data on postoperative complications (n = 109) 
were excluded, resulting in a study population of 1220 patients 
(Figure 1).

Preoperative circulating SCFA and BCFA levels
Nonfasted venous blood samples were drawn in EDTA-tubes around 

the time of diagnosis. All blood samples were centrifuged and aliquoted 
according to standardized protocols and plasma was stored at –80 ◦ C 
until further analysis. Plasma levels of the SCFAs acetate, propionate, 
butyrate, and valerate, and the BCFAs isovalerate, isobutyrate, and 
α-methylbutyrate were measured at BEVITAL AS (www.bevital.no). 
The method, using stable isotope-labeled internal standards for all 
analytes, involved sample precipitation using acetonitrile and a benzyl 
alcohol/pyridine/methylchloroformate mix for derivatization, before 
extraction with hexane followed by quantification with GC-MS/MS 
(Agilent 6890A GC coupled to a Waters Quattro microTM MS in 
electron ionization mode using CP-Sil 24-CB capillary column – 15 × 

250 × 0.25 μm). Automated sample processing for all samples, cali-
brators and quality controls was performed by a robotic workstation. 
Limit of detection (LOD) for the method ranged between 0.02 μmol/L 
for isovalerate and 5.0 μmol/L for acetate, and within- and between-day 
coefficient of variation ranged between 2.7% and 4.6% and 4.3% and 
6.0%, respectively. The GSimp imputation procedure [28] was used to 
impute (left-censor) missing data due to measures that were below the 
LOD (butyrate: n = 49, LOD = 0.2 μmol/L; valerate: n = 454, LOD = 

0.05 μmol/L; α-methylbutyrate: n = 24, LOD = 0.05 μmol/L).

Clinical outcomes
Hospital records and linkage with the Dutch ColoRectal Audit 

(DCRA) [29] and Netherlands Cancer Registry (NCR) were used to 
obtain clinical data. Traditionally, complications occurring within 30 
d after surgery were reported in the DCRA. However, the DCRA pro-
longed postoperative follow-up to 90 d after surgery since 2018, which 
was the case for 132 patients (11%) in our study population. Occurrence 
of postoperative complications during these 30 or 90 d is recorded as 
yes/no and incidence dates are not available. Clinical outcomes 
considered for this study were 1) any postoperative complications, 2) 
surgical postoperative complications, and 3) anastomotic leakage. Any 
complications included surgical and all other postoperative complica-
tions (e.g., pulmonary, neurological, infectious, or cardiac) occurring 
within 30 or 90 d after surgery. Surgical postoperative complications 
included among others anastomotic leakage, surgical site infection, and 
ileus. Data on anastomotic leakages were retrieved from the NCR. 
Anastomotic leakage was only considered in patients with an anasto-
mosis (n = 1100) and was defined as an anastomotic leakage requiring a 
reintervention within 2 mo after surgery.
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Additionally, length of hospital stay was considered as clinical 
outcome because complications often result in prolonged hospital stay, 
and length of hospital stay is commonly used to examine effectiveness 
of prehabilitation programs before surgery [30,31]. On the basis of 
data of the DCRA, length of hospital stay was defined as the number of 
days between date of surgery and date of discharge from the hospital. 
When data on hospital stay were missing in the DCRA (n = 4), we 
used data on hospital stay from the NCR. Patients (n = 6) who died in 
the hospital (between 1 and 35 d after surgery) were excluded from the 
analyses regarding length of hospital stay.

Other relevant disease or treatment characteristics, including can-
cer stage (I, II, III), tumor location (colon, rectum), surgical approach 
(open, laparoscopic), temporary or permanent end stoma created 
during surgery (yes, no), physical health status of the patient before 
surgery based on classification of the American Society of Anesthe-
siologists (ASA-score I, II, III, and IV), and neoadjuvant radiotherapy 
or chemoradiotherapy (yes, no) were obtained from hospital records 
and linkage with the DCRA and NCR. Type of surgery was retrieved 
from the NCR and classified as 1) hemicolectomy (n = 445), 2) sig-
moid resection (n = 265), 3) low anterior resection (n = 406), 4) 
abdominoperineal resection (n = 80), and other resections (n = 24). 
Other resections include transversectomy (n = 11), subtotal colectomy 
(n = 10), total colectomy (n = 1), and unspecified (n = 2).

Descriptive data and covariates
Relevant sociodemographic and lifestyle factors were obtained 

through questionnaires completed by the patients at time of diagnosis. 
BMI (in kg/m 2 ) was calculated based on self-reported weight and 
height. Smoking status was self-reported as current, former, or never 
smoker. The validated Short QUestionnaire to ASsess Health-enhancing 
physical activity was used to assess the level of moderate-to-vigorous 
physical activity in minutes per week [32]. Plasma levels of creatinine 
(μmol/L) were also analyzed at BEVITAL AS (www.bevital.no) by 
liquid chromatography-tandem mass spectrometry and considered as a 
potential confounder (log2-transformed) to adjust for potential differ-
ences in renal clearance of SCFAs and BCFAs.

Data analysis
Baseline characteristics of patients are presented as median and 

interquartile range (Q1–Q3) or numbers and percentages. Spearman 
correlations across plasma levels of SCFAs and BCFAs were calcu-
lated. Only correlations with a Bonferroni-adjusted P value (P < 0.05/ 
21) are depicted in the correlation plot. Differences in plasma levels of 
SCFAs and BCFAs between patients with and without complications 
were tested using Mann-Whitney U tests.

All regression analyses were adjusted for age (continuous in years), 
sex (female, male), tumor location (colon, rectum), smoking status

FIGURE 1. Flow diagram showing the number of patients included in the study. BCFA, branched-chain fatty acid; CRC, colorectal cancer, HIPEC, hy-
perthermic intraperitoneal chemotherapy; SCFA, short-chain fatty acid. a Of 1100 patients having an anastomosis.
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(current, former, never), and ASA classification (I, II, III–IV). These 
variables are known to be associated with postoperative complications 
[5,33,34], or were used as covariates in earlier studies [35,36]. Other 
potential confounders, including BMI (continuous in kg/m 2 ), neo-
adjuvant radiotherapy or chemoradiotherapy (yes, no), cancer stage (I, 
II, III), type of resection (hemicolectomy, sigmoid resection, low 
anterior resection, other), surgical approach (open, laparoscopic), and 
creatinine levels (continuous in μmol/L) were added one by one to the 
models. Because none of these variables changed the risk or effect 
estimates by >10%, these variables were not included in the final 
models, except for analyses regarding length of hospital stay that were 
also adjusted for surgical approach (open, laparoscopic).

Restricted cubic splines, based on multivariable-adjusted Cox 
proportional hazards regression analyses with a constant time variable, 
were used to investigate linearity of the associations between SCFA 
and BCFA levels and any complications, surgical complications, and 
anastomotic leakage. Knots were placed at the 10th, 50th, and 90th 
percentiles, and the graphs were truncated at the first and 99th 
percentile. The median intake of the first tertile of each metabolite was 
used as the reference. The Wald chi-square test was used to test 
nonlinearity of the associations. If evidence of nonlinearity was found 
(P non-linearity < 0.05), the data from the restricted cubic spline were 
used to calculate the prevalence ratio (PR) and 95% confidence in-
tervals (95% CI). If no evidence of nonlinearity was found, the PRs

TABLE 1
Baseline characteristics of the study population by occurrence of any postoperative complications.

Overall (n = 1220) Any complications (n = 1220)

No
852 (70%)

Yes
368 (30%)

Age at diagnosis (y) 67 (61–72) 66 (61–72) 67 (62–73)
Sex
Female 449 (37%) 342 (40%) 107 (29%)
Male 771 (63%) 510 (60%) 261 (71%)

BMI 1 (kg/m 2 ) 26.2 (24.0–29.0) 26.1 (23.9–28.9) 26.4 (24.0–29.1)
Smoking 2

Current 127 (11%) 65 (8%) 62 (18%)
Former 717 (60%) 521 (62%) 196 (56%)
Never 343 (29%) 250 (30%) 93 (26%)

Physical activity 3 (min/wk) 685 (330–1200) 720 (345–1200) 660 (330–1140)
Tumor location
Colon 810 (66%) 608 (71%) 202 (55%)
Rectum 410 (34%) 244 (29%) 166 (45%)

Cancer stage
Stage I 342 (28%) 250 (29%) 92 (25%)
Stage II 350 (29%) 248 (29%) 102 (28%)
Stage III 528 (43%) 354 (42%) 174 (47%)

Received neoadjuvant radio- or chemoradiotherapy 268 (22%) 150 (18%) 118 (32%)
ASA classification 4

Score I 379 (31%) 297 (35%) 82 (22%)
Score II 681 (56%) 463 (54%) 218 (59%)
Score III–IV 159 (13%) 92 (11%) 67 (18%)

Type of surgery
Hemicolectomy 445 (36%) 328 (38%) 117 (32%)
Sigmoid resection 265 (22%) 212 (25%) 53 (14%)
Low anterior resection 406 (33%) 250 (29%) 156 (42%)
Abdominoperineal resection 80 (7%) 48 (6%) 32 (9%)
Other 5 24 (2%) 14 (2%) 10 (3%)

Surgical approach 6

Open 254 (21%) 174 (21%) 80 (22%)
Laparoscopic 945 (79%) 668 (79%) 277 (77%)

Anastomosis 7 1100 (91%) 780 (92%) 320 (88%)
Stoma after surgery 8 338 (28%) 179 (21%) 159 (44%)
Length of hospital stay 9 (d) 5 (4–9) 5 (4–6) 11 (7–18)

Abbreviation: ASA, American Society of Anesthesiologists.
Median (interquartile range; Q1–Q3) are reported for continuous variables, and counts (%) for categorical variables.
1 Data were missing for n = 5.
2 Data were missing for n = 33.
3 The level of moderate-to-vigorous physical activity. Data were missing for n = 36.
4 Physical health status before surgery based on classification of the American Society of Anesthesiologists (ASA-score). Data were missing for n = 1.
5 Other resections include transversectomy (n = 11), subtotal colectomy (n = 10), total colectomy (n = 1), unspecified (n = 2).
6 Data were missing for n = 21.
7 Data were missing for n = 5.
8 Both temporary and permanent stomas created during surgery. Data were missing for n = 21.
9 Data of patients (n = 6) who died in the hospital (between 1 and 35 d after surgery) were not considered in this table, and also excluded from the analyses 

regarding length of hospital stay.
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and 95% CIs were calculated using multivariable-adjusted Cox pro-
portional hazards regression analyses with a constant time variable and 
continuous increment in metabolite levels.

Associations between plasma metabolite levels and length of 
hospital stay were investigated using multivariable-adjusted linear 
regression analyses calculating betas and 95% CIs. Length of hospital 
stay, and metabolite levels were log2-transformed to meet the 
assumption on normality of the distribution, and therefore metabolites 
levels are modeled per doubling in metabolite level.

To investigate the potential combined impact of plasma SCFA and 
BCFA levels on postoperative complications, the patients were

categorized in 4 groups based on the median split for total SCFA and 
total BCFA levels: low SCFA/low BCFA (n = 358, reference group); 
low SCFA/high BCFA (n = 252); high SCFA/low BCFA (n = 252); 
and high SCFA/high BCFA (n = 358). Associations for each of the 
SCFA/BCFA profiles (in comparison with the low SCFA/low BCFA 
group) and any complications, surgical complications, anastomotic 
leakage were investigated using multivariable-adjusted Cox pro-
portional hazards regression analyses with a constant time variable. 
Associations for each of the SCFA/BCFA profiles and length of 
hospital stay were investigated using multivariable-adjusted linear 
regression analyses.

FIGURE 2. (A–G) Histograms of preoperative plasma levels of short-chain fatty acids (red) and branched-chain fatty acids (blue) of patients with colorectal 
cancer undergoing surgery. Dashed lines indicate median concentrations. All values are presented in μmol/L. (H) Heatmap showing the Spearman correlation 
coefficients. Only statistically significant (Bonferroni-corrected P value: P < 0.0024) correlations are depicted. Coloring indicates the strength of the cor-
relations according to the legend at bottom of the heatmap. IQR, interquartile range = Q1–Q3.
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All data analyses were performed using R Statistical Software 
(version 4.2.1). Analyses were not adjusted for multiple testing given 
the hypothesis-driven nature of the work and the relatively limited 
number of metabolites that were studied. A 2-sided P value <0.05 and 
95% CIs not containing 1 for PRs or 0 for betas were considered 
statistically significant.

Results

Characteristics of the study population
Within the context of a prospective cohort study, we used data of 

1220 patients with stage I–III CRC who underwent elective surgery. 
The median (quartiles 1–3, Q1–Q3) age at diagnosis was 67 (61–72) 
y, 63% were men, and 66% and 34% of the patients were diagnosed 
with colon and rectal cancer, respectively (Table 1). Any post-
operative complications occurred in 368 patients (30%), surgical 
complications occurred in 219 patients (18%), and anastomotic 
leakage was reported for 100 of 1098 patients (9%) having an 
anastomosis and data on anastomotic leakage available. Compared 
with patients with uncomplicated recovery, patients with any com-
plications were more often men (71% compared with 60%), diag-
nosed with rectal cancer (45% compared with 29%), had received 
neoadjuvant radiotherapy or chemoradiotherapy (32% compared 
with 18%), had received a low anterior resection (42% compared 
with 29%), and had a worse preoperative physical health status 
(ASA-score of I: 22% compared with 35%) (Table 1). Patients with 
complications also more often got a stoma during surgery (44% 

compared with 21%) and stayed longer in the hospital [median 
(Q1–Q3), 11 (7–18) d compared with 5 (4–6) d] compared with

patients with uncomplicated recovery (Table 1). Cancer stage and 
other disease-related factors were comparable between the patients 
with and without postoperative complications.

Preoperative plasma SCFA and BCFA levels
Plasma SCFA and BCFA levels were measured in blood samples 

taken around time of diagnosis, i.e., before surgery. The median 
(Q1–Q3) time between blood collection and surgical procedure was 8 
(2–18) d. Distributions of the plasma SCFA and BCFA levels and 
Spearman correlations across metabolites are depicted in Figure 2. 
Remarkably, all metabolites were positively correlated with each 
other, with the strongest correlations observed among the various 
BCFAs (r ranging from 0.48 to 0.79). Acetate appeared only weakly 
correlated with the other SCFAs propionate and isovalerate (r = 0.34, 
r = 0.20, respectively). This observation could be explained by the 
majority of gut microbial species being able to produce acetate, 
whereas production of other investigated metabolites is restricted to 
specific microbial groups [16]. Valerate correlated modestly with the 
SCFAs propionate and butyrate (r = 0.62, r = 0.74, respectively), but 
also with BCFAs (r ranging from 0.34 to 0.59).

Plasma SCFA and BCFA levels in relation to 
postoperative complications

Preoperative plasma acetate levels were lower in patients who 
subsequently developed postoperative complications compared with 
patients without complications [median (Q1–Q3), 30.1 (23.3–40.2) 
μmol/L compared with 28.4 (21.8–37.1) μmol/L; P = 0.005] 
(Figure 3). In contrast, plasma isovalerate levels were higher in pa-
tients who developed complications compared with those without

FIGURE 3. (A–G) Box plots for preoperative plasma levels of short-chain fatty acids (red) and branched-chain fatty acids (blue) of patients with (n = 368) 
and without (n = 852) any postoperative complications. Box plots show the median, first and third quartiles, and whiskers representing values within 1.5 times 
the interquartile range. Differences between groups were tested using Mann-Whitney U tests.
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complications [median (Q1–Q3), 0.37 (0.23–0.57) μmol/L compared 
with 0.34 (0.21–0.53) μmol/L; P = 0.03]. No statistically significant 
differences were found for the other investigated metabolites 
(Figure 3).

Next, associations between metabolite levels and risk of any or 
surgical postoperative complications, as well as anastomotic leakage, 
were investigated. First, we used multivariable-adjusted restricted 
cubic splines to evaluate linearity of the associations (Figure 4A and 
Supplemental Figures 1 and 2). All associations appeared to be 
linear, apart from the association between acetate and any compli-
cations (P non-linearity = 0.004). The corresponding restricted cubic 
spline initially shows a risk reduction compared with the reference of 
20.0 μmol/L (median of first tertile) and flattening of the curve for 
acetate levels above ~40 μmol/L. Plasma acetate levels of 40.0 μmol/ 
L were associated with a 24% lower risk of complications (PR: 0.76; 
95% CI: 0.62, 0.93) compared with the reference of 20.0 μmol/L 
(Figure 4A). For the remaining metabolites, multivariable-adjusted 
Cox proportional hazards regression analyses were performed to 
evaluate associations with postoperative outcomes. These analyses 
showed that higher preoperative plasma levels of propionate were 
associated with a lower risk of any complications (PR per1μmol/L 0.84;

95% CI: 0.73, 0.96) (Figure 4B). A similar pattern was observed for 
surgical complications, with inverse associations for acetate and 
propionate (PR per20μmol/L 0.73; 95% CI: 0.60, 0.93; and PR per1μmol/L 
0.83; 95% CI: 0.69, 1.00; respectively) (Figure 4B). Higher preop-
erative levels of propionate and valerate were associated with a lower 
risk of having an anastomotic leakage (PR per1μmol/L 0.68; 95% CI: 
0.50, 0.93; and PR per0.1μmol/L 0.65; 95% CI: 0.42, 1.00; respectively) 
(Figure 4B).

Plasma SCFA and BCFA levels and length of hospital stay
We also investigated whether preoperative metabolite levels were 

associated with length of hospital stay, as indicator of postoperative 
recovery [30,31], using multivariable-adjusted linear regression ana-
lyses. Higher plasma levels of acetate and propionate were associated 
with a statistically significantly shorter duration of hospital stay 
(beta perdoubling –0.09; 95% CI: –0.17, –0.01; and beta perdoubling –0.14; 
95% CI: –0.21, –0.07; respectively) (Figure 5). Higher plasma levels 
of isovalerate were associated with a statistically significantly longer 
duration of hospital stay (beta perdoubling 0.06; 95% CI: 0.00, 0.11). No 
statistically significant associations were found for the other investi-
gated metabolites (Figure 5).

FIGURE 4. Associations between preoperative plasma levels of short-chain fatty acids and branched-chain fatty acids and risk of any postoperative com-
plications, surgical postoperative complications, and anastomotic leakage. (A) Graphs depict restricted cubic splines (solid lines) and corresponding 95% CIs 
(dashed lines). The reference was set at the median of the first tertile of the metabolite levels. Knots were located at the 10th, 50th and 90th percentile, and 
graphs were truncated at the first and 99th percentile. Only the splines showing statistically significant associations for postoperative complications are shown 
here. Plots for the other metabolites, as well as other outcomes (surgical complications and anastomotic leakage), are shown in Supplemental Figures 1 and 2. 
(B) Prevalence ratios and 95% CIs from Cox proportional hazards regression analyses with continuous increment are presented in the table. NA: not applicable, 
because the association between acetate and any complications appeared to be nonlinear, the prevalence ratio and 95% CI were calculated based on the data of 
the restricted cubic spline (also depicted in the spline). Both restricted cubic splines and Cox regression models were adjusted for age at diagnosis (continuous 
in years), sex (female, male), tumor location (colon, rectum), smoking status (current, former, never), and preoperative physical health status of the patient 
based on American Society of Anesthesiologists classification (I, II, III–IV). Numbers of cases/total number of patients included in the analyses are: any 
complications, 350/1186; surgical complications, 208/1176; anastomotic leakage, 93/1067. CI, confidence interval; PR, prevalence ratio.
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Group distinction based on total SCFA levels and total 
BCFA levels

We hypothesized that the balance between gut microbial saccha-
rolytic and proteolytic fermentation products, and thereby the balance 
between total plasma SCFA levels and BCFA levels may be relevant 
for postoperative recovery. Hence, we classified patients based on 1) 
total SCFA levels below and above median level of the study popu-
lation (median TotalSCFA = 31.4 μmol/L), and 2) total BCFA 
levels below and above median level of the study population 
(median TotalBCFA = 0.73 μmol/L). This resulted in 4 groups indicating 
whether patients had either low or high SCFA levels in combination 
with low or high BCFA levels. Box plots depicting total SCFA and 
total BCFA levels per group are shown in Figure 6A–D. Personal and 
clinical characteristics of the population according to these SCFA/ 
BCFA profiles are shown in Supplemental Table 1. No differences in 
lifestyle and clinical factors were observed between the groups.

Associations between the SCFA/BCFA profiles and the risk of any 
complications, surgical complication, anastomotic leakage as well as 
length of hospital stay were investigated using multivariable-adjusted 
regression analyses (Figure 6E–H). Compared with the low SCFA/low 
BCFA group, having low SCFA levels combined with high BCFA 
levels was associated with an increased risk of complications (any 
complications: PR: 1.35; 95% CI: 1.02, 1.80). In contrast, having high 
SCFA levels combined with low BCFA levels was associated with a 
decreased risk of complications, especially for surgical complications 
(any complications: PR: 0.79; 95% CI: 0.57, 1.08; surgical compli-
cations: PR: 0.59; 95% CI: 0.36, 0.94). Being in this high SCFA/low 
BCFA group was also associated with a shorter hospital stay compared 
with the reference group (beta –0.17; 95% CI: –0.32, –0.02). Having 
high SCFA levels combined with high BCFA levels was not associated 
with the risk of complications (for any complications PR: 0.88; 95% 

CI: 0.67, 1.17) compared with the reference group. To summarize, the

combination of high SCFA levels and low BCFA levels was associated 
with the lowest risk of complications, suggesting that this combination 
may be most optimal to support postoperative recovery.

Discussion

In this study, we characterized SCFA and BCFA levels in pre-
operative plasma samples of patients with CRC and investigated 
whether levels of these microbial-derived metabolites were associ-
ated with the risk of complications after CRC surgery. Higher 
circulating SCFA levels, especially acetate and propionate, were 
associated with a lower risk of postoperative complications and 
shorter hospital stay after CRC surgery. Also, higher levels of the 
SCFAs propionate and valerate were associated with a lower risk of 
an anastomotic leakage after CRC surgery. The combination of low 
total SCFA levels and high total BCFA levels was associated with a 
higher risk of postoperative complications. Patients with a combi-
nation of high total SCFA levels and low total BCFA levels had the 
most favorable profile regarding postoperative recovery.

To the best of our knowledge, this is the first study showing that 
plasma SCFA and BCFA levels are linked to postoperative compli-
cations in patients with CRC. In line with our findings, a study among 
patients with esophageal cancer who received synbiotics before and 
after esophagectomy found that preoperative fecal levels of acetate 
and propionate were lower in patients with postoperative infectious 
complications (n = 10) compared with those with uncomplicated re-
covery (n = 45) [37]. Likewise, preoperative fecal levels of acetate 
and butyrate were lower in 13 patients with infectious complications 
compared with 31 patients without complications after hepatectomy 
with bile duct resection for biliary malignancies [38].

In rodent studies, administration of SCFAs, mostly via colonic in-
fusions of butyrate, improved anastomotic strength and colonic healing 
after colonic surgery by enhancing re-epithelialization of the gut 
epithelial lining and promoting collagen synthesis and collagen matu-
ration [21]. In line with these findings, we observed that higher plasma 
levels of SCFAs were associated with a lower risk of postoperative 
complications, including anastomotic leakage. However, we did not 
observe an association between plasma butyrate levels and post-
operative complications. It has been estimated that only 2% of butyrate 
produced in the colon can be detected in the systemic circulation 
(compared with 36% and 9% for acetate and propionate, respectively) 
[39], so colonic butyrate production is not well reflected in plasma, 
which may explain the failure to detect an association in our study.

The inverse association between SCFAs and postoperative com-
plications might be explained by the biological function of these 
microbial-derived metabolites. It has been suggested that SCFAs 
support gut barrier function via improved production of mucus and 
antimicrobial peptides as well as regulation of tight junctions between 
colonocytes [17,19]. Furthermore, SCFAs inhibit intestinal proin-
flammatory cytokine production upon bacterial LPS exposure and 
regulate intestinal T-cell differentiation, which is deemed essential for 
effective immune responses [16,19,40]. Next to the potential local 
effects of SCFAs, these metabolites could also induce systemic effects 
as a fraction appears in the systemic circulation [16,39,41].

We observed that high BCFAs levels combined with low SCFA 
levels were associated with a higher risk of postoperative complications. 
Also, higher levels of isovalerate were associated with longer hospital 
stay. Evidence on the (patho)physiological effects of BCFAs is scarce 
[15,24]. A study in mice showed that a high-protein diet impaired he-
patic insulin sensitivity, which might be attributed to an increased

FIGURE 5. Forest plot showing the associations between preoperative 
plasma levels of short-chain fatty acids (red) and branched-chain fatty acids 
(blue) and log2-transformed length of hospital stay in patients with colorectal 
cancer. Metabolites are modeled per doubling in metabolite level. A total of 
1162 patients were included in the analyses. Linear regression models were 
adjusted for age at diagnosis (continuous in years), sex (female, male), tumor 
location (colon, rectum), smoking status (current, former, never), surgical 
approach (open, laparoscopic), and preoperative physical health status of the 
patient based on American Society of Anesthesiologists classification (I, II, 
III–IV). CI, confidence interval.
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production of the BCFAs isobutyrate and isovalerate, although other 
mechanistic routes cannot be excluded [42]. Besides, higher BCFA 
levels, resulting from increased proteolytic fermentation, might be 
accompanied by higher levels of phenols, amines, hydrogen sulfide, and 
p-cresol [15,22,23]. These proteolytic fermentation products are known 
to have proinflammatory and genotoxic effects on colonic cells and 
impair gut barrier function [23,25], which may also explain the positive 
association observed for BCFAs and postoperative complications.

Our findings may suggest that having high SCFA levels could 
attenuate the higher risk of complications seen for patients with high 
BCFA levels in combination with low SCFA levels. Although specu-
lative, it supports the hypothesis that promoting microbial saccharolytic 
fermentation over proteolytic fermentation is beneficial for post-
operative recovery of colorectal surgery (Figure 7). This hypothesis may 
raise concerns about the emphasis on high-protein intake before CRC 
surgery [43–45], especially in the case of low intake of fiber, as higher 
protein inflow in the colon may result in increased microbial proteolytic 
fermentation [23,46,47]. Higher intakes of dietary fiber are known to 
promote microbial saccharolytic fermentation and thereby SCFA pro-
duction, and decrease proteolytic fermentation including BCFA pro-
duction [22,25,48]. Earlier work in the COLON study has shown that 
higher dietary fiber intake before surgery was associated with a lower 
risk of postoperative complications in patients with CRC [6], which may 
be speculatively explained by increased microbial saccharolytic 
fermentation with higher fiber intakes. Earlier studies observed lower

fecal SCFA levels in patients with CRC compared with healthy controls 
[49,50], and fecal SCFA levels further decreased after CRC surgery 
[51]. In addition, adherence to the recommendations on dietary fiber 
intake is low (9%) among patients with CRC [6], indicating that 
increasing fiber intake is a promising strategy to optimize preoperative 
SCFA levels to support postoperative recovery.

Limitations of this study include the relatively modest number of 
events, especially for anastomotic leakage, which may have reduced 
statistical power and hampered further subgroup analyses. Because of 
the observational nature of this study, reverse causation and residual 
confounding cannot be fully ruled out, even though we considered 
several relevant clinical or lifestyle variables in the analyses. Note-
worthy, plasma levels of acetate mostly originate from intestinal ab-
sorption of acetate produced by microbial fermentation, but small 
amounts of acetate might also be endogenously produced in the he-
patocytes (e.g., from acetyl-CoA) [52,53]. Our blood samples were 
collected in a nonfasted way, which may have impacted plasma levels 
of SCFA and BCFA [54]. However, because the impact of recent di-
etary intake is most likely nondifferential for patients who subse-
quently developed complications compared with those who did not, 
this would not have affected the observed associations. It should also 
be noted that our findings concern patients with nonmetastatic CRC, so 
it needs to be confirmed to what extent these findings also apply to 
patients with metastatic CRC undergoing surgery. Moreover, as the 
cohort study specifically focused on lifestyle, it is possible that more

FIGURE 6. (A–D) Box plots showing preoperative plasma levels of total short-chain fatty acids (SCFAs, red) and total branched-chain fatty acids (BCFAs, 
blue) per SCFA/BCFA profile. Groups were made based on whether patients had total SCFA levels and total BCFA levels above or below the median level of 
the study population. Median total SCFA concentration was 31.4 μmol/L and median total BCFA concentration was 0.73 μmol/L. Box plots show the median, 
first, and third quartiles, whiskers representing values within 1.5 times the interquartile range, and values of individual patients are plotted as jitter (smallest and 
largest values are 1.5 box lengths away from 25th and 75th percentile). (E–H) Forest plots showing the associations between SCFA/BCFA profiles and any 
postoperative complications, surgical postoperative complications, anastomotic leakage, and length of hospital stay. The low SCFA/low BCFA group was used 
as a reference. Cox and linear regression models were adjusted for age at diagnosis (continuous in years), sex (female, male), tumor location (colon, rectum), 
smoking status (current, former, never), and preoperative physical health status of the patient based on American Society of Anesthesiologists classification (I, 
II, III–IV). Analyses for length of hospital stay were also adjusted for surgical approach (open, laparoscopic). CI, confidence interval.
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health-conscious patients were more eager to participate, possibly 
limiting generalizability of the findings.

Strengths of this study include the prospective design and adjust-
ment for lifestyle and clinical factors related to complications after 
CRC surgery. Moreover, this is the first clinical study investigating 
SCFAs and BCFAs in the context of recovery after CRC surgery, 
which adds relevant leads for biological mechanisms linked to post-
operative complications, which might be targeted in future pre-
habilitation programs.

To conclude, we observed that higher circulating levels of SCFAs 
before surgery were associated with a lower risk of postoperative 
complications in patients with CRC. High levels of BCFAs combined 
with low SCFA levels were associated with a higher risk of compli-
cations. These findings imply that microbial fermentation processes 
may be linked to postoperative recovery. Because plasma SCFA levels 
can be potentially increased by the intake of dietary fiber, targeted 
strategies to promote dietary fiber intake could be of interest for 
nutritional prehabilitation. Future nutritional intervention studies are 
needed to investigate to what extent changes in dietary fiber and 
protein intake can modulate production of microbial metabolites in the 
time between diagnosis and surgery, and whether those interventions 
indeed translate into lower complication rates in patients with CRC.
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FIGURE 7. Hypothesized model describing the potential relation between short-chain fatty acids (SCFAs), branched-chain fatty acids (BCFAs), and risk of 
complications after surgery in patients with colorectal cancer. Higher preoperative plasma BCFA levels, especially combined with lower SCFA levels, might be 
associated with an increased risk of postoperative complications (indicated with a red arrow). In contrast, higher preoperative plasma SCFA levels, especially 
combined with lower BCFA levels, might be associated with a reduced risk of postoperative complications (indicated with a green arrow). Our findings may 
suggest that increased gut microbial saccharolytic fermentation is preferred over proteolytic fermentation to support recovery after surgery and prevent 
postoperative complications in patients with colorectal cancer. Figure created with BioRender.com.
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