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1  | INTRODUC TION

Studies lacking in careful methodological consideration can result in 
inappropriate feeding/food policies and to feeding/eating behavior 
of general public.

Short- chain fatty acids such as acetic, propionic, and n- butyric 
acids are produced from carbohydrates by microbes in the forestom-
ach and/or in the cecum or colon (Macfarlane & Macfarlane, 1997; 
Wallace, 1995). Short- chain fatty acids (SCFAs) are important energy 
nutrient for many species such as ruminants, camelids, or marsupials 
(Ichikawa & Sakata, 1997a; Sakata, 2000; Stevens & Hume, 1995). At 
the same time, SCFAs are important modulators of physiological func-
tions such as absorption, motility, mucus release, or gut epithelial cell 
proliferation of host animals (Cummings, Rombeau, & Sakata, 1995; 
Ichikawa & Sakata, 1997a; Inagaki & Sakata, 2001; Sakata, 1987a, 
1994a,b). A considerable proportion of the effects of indigestible car-
bohydrates and gut microbes should be mediated via the production 
of SCFAs (Ichikawa & Sakata, 1997a; Inagaki & Sakata, 2001; Sakata, 
1987a, 1994a,b). As a matter of fact SCFAs might be the first example 
of a signal nutrient, that is, nutrient that can modulate the function 
of animals/humans, as shown by Tamate, McGilliard, Jacobson, and 

Getty (1962, 1964). Thus, the interest on indigestible carbohydrates, 
gut bacteria, and probiotics attracted attentions on SCFAs.

Methodological validity is the prerequisite for an acceptable ex-
perimental study and the basis for legislative decision. Interests on 
the large intestine, gut fermentation, dietary fibers, and probiotics 
has lead to a large number of studies concerning SCFAs such as acetic, 
propionic, and n- butyric acids produced in the large intestine by gut 
bacteria. However, inappropriate design of studies often resulted in a 
misleading conclusion. Therefore, I picked up potential pitfalls in stud-
ies of SCFAs and suggest what to do and what not to do in this field of 
research, partly based on my previous publications (Inagaki & Sakata, 
2001; Sakata, 2010). I sincerely ask students, researchers, supervisors, 
reviewers, and regulatory officers to observe these pitfalls seriously.

2  | DEFINITION

Sound science requires appropriate definition of terms. First of all, 
an excellent writing on chemical nature of SCFAs and other carbox-
ylic acids (Fukushima, 1995) should be quite helpful in this regard.
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I dare to adopt the most strict definition by Wrong (Wrong, 
1995), that is, “short- chain fatty acids (SCFAs)” would describe 
“saturated unbranched alkyl monocarboxylic acids of 2 to 4 car-
bon atoms” in the present paper. This definition would exclude 
branched chain fatty acids such as iso- butyric acid, oxy- acids such 
as lactic acid, or di- carboxylic acids such as succinic acids, which can 
be produced by gut microbes. Branched- chain fatty acids can be 
produced from branched- chain amino acids (Macfarlane & Gibson, 
1995). Lactic acid and succinic acid are often produced at low pH 
(Ushida & Sakata, 1998), for example, when the entry rate of readily 
fermentable carbohydrate into the forestomach or large intestine is 
faster than the absorption rate (Wallace, 1995). Influence of these 
non- SCFA acids can sometimes be the same as SCFA, but sometimes 
differ from those of SCFA (Ichikawa & Sakata, 1997b; Inagaki & 
Sakata, 2003). Accordingly, it is important that authors define what 
they mean by “SCFA”.

3  | ESTIMATION OF SCFA PRODUC TION

There are three major difficulties when we wish to know the SCFAs 
concentration and their production rates in the large bowel lumen; 
slow intraluminal diffusion rate (Takahashi, 2011; Takahashi & Sakata, 
2002, 2018), rapid mucosal absorption (von Engelhardt, 1995; von 
Engelhardt, Rönau, Rechkemmer, & Sakata, 1989) and metabolism 
of SCFA by epithelial cells (Jørgensen & Brøbech, 2009; Livesey & 
Elia, 1995; Livesey et al., 1995; Nakatani, Inoue, Tomonaga, Fukuta, 
& Tsukahara, 2018; Roediger, 1982, 1995; Tsukahara, Matsukawa, 
Tomonaga, Inoue, & Ushida, 2014).

It is important to measure the rate of production of each SCFA 
and non- SCFA acids in the gut lumen to clarify the mechanism that 
regulates bacterial fermentation in the large intestine (Inagaki & 
Sakata, 2003). SCFA being the major energy source, the production 
rate of SCFA in the reticulo- rumen has been meticulously studied 
(Annison & Armstrong, 1970; Ørskov, 1995). However, the meth-
odology for large bowel fermentation is yet primitive. Thus, I am 

discussing the methodology for the estimation of SCFA production 
in the large bowel below.

3.1 | Lumen or fecal concentration

As most SCFAs produced in the large bowel are absorbed (von 
Engelhardt et al., 1989), it is not reasonable to estimate their pro-
duction rates from their lumen or fecal concentrations. Lumen 
concentrations of SCFA are the result of dynamic balance between 
their production rates and the rates of their disappearance by ab-
sorption and by translocation due to the flow of contents toward 
the anus. Thus, the lumen concentrations of SCFA can be affected 
by both rates of production and disappearance. Since more than 
95% of SCFA produced in the large bowel lumen is absorbed (von 
Engelhardt et al., 1989), measurement of fecal SCFA concentration 
should reflect just 5% of produced SCFA left unabsorbed.

Our earlier study demonstrated that lumen concentration of 
SCFA does not reflect entrance rate, but reflects disappearance rate 
of SCFA from the lumen (Ichikawa & Sakata, 1997b). We infused ei-
ther a physiologic mixture of acetic, propionic, and n- butyric acids 
(total 150 mmol/L) or lactic acid (150 mmol/L) continuously into the 
isolated cecum for 3 days and measured concentrations of these 
acids. We found nearly no SCFA, but approximately 80 mmol/L lac-
tic acid in the lumen. Thus, the lumen concentration of SCFA did not 
reflect their production rate in the lumen, but reflected the rate of 
absorption. This was confirmed by the finding that fecal acetate was 
inversely related to acetate absorption from the human rectum and 
distal colon (Vogt & Wolever, 2003).

Under usual conditions gut contents contain a large proportion 
of solid materials such as food components, sloughed epithelial cells, 
and microbial cell bodies (Sakata & von Engelhardt, 1981a). Such solid 
particles make the gut contents very viscous non- Newtonean fluid, 
inevitably of low diffusion coefficient (Takahashi, 2011; Takahashi & 
Sakata, 2002, 2018). Reynold’s numbers of gut contents calculated 
from the measured viscosity of gut contents and measured rate of 
gut motility indicated the absence of macroscopic mixture in the 

F IGURE  1 Schematic drawings of 
the cross section of the proximal (left) 
and distal (right) colon of the rats with 
concentrations of SCFAs in the core 
and periphery of contents (Sakata, 
1987a; Sakata & von Engelhardt, 1981b; 
Takahashi & Sakata, 2002, 2018; 
Tsukahara et al., 2014; Yajima & Sakata, 
1992)
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gut lumen (Takahashi, 2011; Takahashi & Sakata, 2018), except for 
the pylorus (Takahashi & Sakata, 2018), and perhaps in the reticulo- 
lumen. This together with the low diffusion coefficient leads to het-
erogeneous SCFA concentration in the lumen contents even at the 
same longitudinal segment, that is, lower in the periphery than in the 
core (Yajima & Sakata, 1992) (Figure 1). Thus, the SCFA concentra-
tion of “mixed” lumen contents can be by far higher than their actual 
concentration at the mucosal surface.

It is also important to consider the time- course of the lumen con-
centrations of SCFA. This is especially important in investigations 
using nocturnal rodents such as rats or mice, which often show a 
high luminal lactic acid just after the feeding of readily fermentable 
indigestible carbohydrates such as fructooligosaccharides (Inagaki, 
1999) (Figure 2).

3.2 | Lumen pool size

Some researchers have adopted lumen “pool size” (lumen concentra-
tion × contents volume) to indicate SCFA production rate (Campbell, 
Fahey, & Wolf, 1997; Hara, Suzuki, Kobayashi, & Kasai, 1996; Topping 
et al., 1997). However, in addition to the danger of using lumen con-
centration as a part of this calculation, the pool size may be strongly 
influenced by the volume of the large intestine. Accordingly, “pool 
size” is a poor parameter for production rate.

3.3 | Portal arterio-venous (A- V) difference

Watanabe and Murai found a large arterio- veneous difference of 
volatile fatty acids (i.e., SCFAs) in the cecal and colonic vein and 
thereupon concluded that a significant production in the pig cecum 
and colon as early as in 1968 (Watanabe & Murai, 1968). Bloemen 
et al. (2009) also used this technique in humans under surgical op-
eration to demonstrate the release of SCFAs from the gut into the 
portal vein.

It is possible to estimate the net gain of bacterial metabolites 
from portal- drained organs by multiplying the concentration dif-
ference between arterial and portal blood by the portal flow rate 
(Hajivassiliou, Greer, Fisher, & Finlay, 1998). However, as a consid-
erable part of SCFAs is consumed by epithelial cells (Jørgensen & 
Brøbech, 2009; Roediger, 1982), this method may result in an under-
estimation (Nakatani et al., 2018).

Care must be taken to maintain the normal blood supply to the 
mucosa when the portal concentration of organic acids is measured, 
because some SCFA absorption depends on active sodium transport, 
which in turn requires oxidative energy production in epithelial cells 
(Engelhardt, Bartels, Kirschberger, Meyer zu Düttingdorf, & Busche, 
1998). Oxygen supply is also necessary for the oxidation of SCFAs 
in epithelial cells. In this regard, chronically catheterized animals/
subjects without anesthesia should be used (Uhing & Kimura, 1995).

F IGURE  2 Means of (a) organic 
acid concentration, (b) ammonia 
concentration, and (c) pH in the 
cecal supernatant, and (d) crypt cell 
production rate of cecal epithelium 
of rats fed AIN- 93 diet added with 
7.5 g/100 g fructooligosaccharides 
between 20:15 and 23:15. All 
parameters except for n- butyrate 
concentration showed statistically 
significant diurnal variance (p < 0.05). 
The same data were plotted three times 
to show the periodicity (Inagaki, 1999)
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3.4 | Isotope dilution

In theory, isotope dilution methods (Pouteau et al., 1998) can be the 
golden standard to measure the rates of consumption and production 
of organic acids by bacteria, their metabolism in epithelial cells, and their 
penetration into the organs, even in humans under normal life. However, 
this method is expensive and tedious, not yet sufficiently sensitive, and 
requires extensive mixing of the isotope in the lumen, a process that is 
not always easy to guarantee. Moreover, it is not always easy to establish 
steady state in the lumen of the large bowel of humans or of livestocks, 
who eat intermittently.

3.5 | Fecal bacterial cell body

Bacteria in the large intestine obtain energy to synthesize protein, 
nucleic acid, membranes, and cell wall from anaerobic breakdown of 
carbohydrates and thereby excrete SCFAs. Thus, there should be a 
linear positive correlation among carbohydrate degradation, SCFA 
production and bacterial cell body production in the large intestine 
(Livesey & Elia, 1995). Accordingly, it is possible to estimate SCFA 
production in the large intestine from fecal excretion of bacterial cell 
mass or cell protein mass (Livesey & Elia, 1995).

Diaminopimelic acid produced specifically by bacteria has been a 
useful marker substance to estimate bacterial cell mass in ruminant 
science (Phillipson, 1964). This applies to the research on the large 
intestine as well. Thus, one may measure the daily fecal excretion 
of diaminopimelic acid and divide this by the average diaminopime-
lic acid content per bacterial cell mass or per bacterial cell protein 
to estimate net daily production of bacterial cell mass or bacterial 
cell protein, respectively. Then, we can estimate SCFA production 
from stoichiometric equation (Livesey & Elia, 1995; Macfarlane & 
Gibson, 1995; Wallace, 1995). This method can also be applied to 
estimate the amount of carbohydrates degraded by bacteria in the 
large intestine.

Another marker for bacteria- specific component should be de-
oxyribonucleic acid, which was used to estimate digestibility of di-
etary fiber in pig upper digestive tract and in the hindgut (Rowan, 
Moughan, & Wilson, 1992).

Since the conversion efficiency of carbohydrate energy to bac-
terial energy is about 30 kJ/100 kJ of carbohydrate fermented 
(Livesey, 1993), and since bacteria consists largely of protein, so ac-
counting for most of the nitrogen present in feces, an upper estimate 
to total SCFA production can be made from the following equation:

where Nf denotes fecal nitrogen (g) (Livesey, 1993).
This method based on fecal excretion of bacteria cannot spec-

ify the proportion of produced acids. It is especially serious when 
there is a significant production of lactic or succinic acid, which can-
not be used by the host animal as energy source and has effects 
different from SCFAs (Inagaki & Sakata, 2003). Nevertheless, this 
method is relatively easy and rather accurate, and should attract 
more attention.

3.6 | Ex vivo culture of large intestinal bacteria

Ex vivo cultures of large intestinal bacteria, as the slurry of feces 
(Barry et al., 1995; Monsma & Marlett, 1995), as diluted gut contents 
(Kikuchi & Sakata, 1992; Kiriyama, Hariu, & Sakata, 1992; Ushida & 
Sakata, 1998) or as washed bacteria (Sakata et al., 1999), have been 
used to measure the conversion of carbohydrates to SCFA and other 
acids.

It is evident that the mixing in such culture system does not 
precisely reproduce the mixing of gut contents in vivo (Takahashi & 
Sakata, 2018), and it is difficult to correspond culture time to in vivo 
retention time (Inagaki & Sakata, 2001). Most culture system does 
not simulate the absorption of SCFA, except for a few studies simu-
lating absorption by removal using dialysis tubing or by continuous 
dilution (Czerkawski, 1986).

In spite of these drawbacks, ex vivo culture system has benefits. 
The system is relatively simple and easy to handle. It is easy to control 
substrate entry rate, dilution rate and mode of mixing. Therefore, ex 
vivo culture system can be considered as an acceptable alternative 
to estimate the conversion of carbohydrates to SCFAs and its regu-
latory mechanism (Inagaki & Sakata, 2001).

It is of critical importance to use bacterial composition not 
far from the in vivo condition both qualitatively and quantita-
tively (Inagaki & Sakata, 2001). In this regard, we should avoid 
too much dilution. Dilution should alter bacterial composition 
to favor rapidly proliferating species. We should also avoid too 
much free water in the system. Content of free water in large- 
intestinal contents is rather limited due to the water holding 
capacity of feed residue (Sakata, 1987a). It is also important 
to think about the existence of solid surface, which is usu-
ally the case unless parenteral feeding or feeding of elemental 
diet. Because there are bacteria that require solid surface to 
adhere for their normal proliferation or metabolism, at least 
in the rumen, and therefore the lack of solid surface often 
leads to very unstable and unpredictable culture (Czerkawski, 
1986).

3.6.1 | Batch culture

Batch culture using either large intestinal contents (Kihara & Sakata, 
1997; Kikuchi & Sakata, 1992; Monsma & Marlett, 1995; Sakata et al., 
1999; Ushida & Sakata, 1998), feces (Barry et al., 1995; Monsma & 
Marlett, 1995) or bacteria isolated from such materials (Kiriyama 
et al., 1992; Sakata, Kojima, Fujieda, Takahashi, & Michibata, 2003; 
Sakata et al., 1999) is easy to perform and inexpensive. It is possible 
to conduct many concurrent cultures, even using the same source 
of inoculum (Sakata et al., 1999, 2003; Ushida & Sakata, 1998). This 
enables a mathematical description of the time- course and kinetic 
analysis of metabolite production (Kikuchi & Sakata, 1992; Kiriyama 
et al., 1992). A batch culture method has been developed which 
uses as little as 0.1 ml (Kihara & Sakata, 1997, 2001), and this in turn 
permits the amounts of both innoculum and test substrate(s) to be 
reduced.

SCFA (kJ)=6.25 × Nf ×23.6 × 1.85
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However, in batch cultures, the initial culture conditions cannot 
be maintained as the substrate is consumed and metabolic products 
accumulate during incubation (Kiriyama et al., 1992). Therefore, it is 
essential to make the culture short, say within 24 hr maximum.

It is important to use original mixed bacterial species to evaluate 
the fermentation in the hindgut (Sakata et al., 1999, 2003; Ushida & 
Sakata, 1998). Otherwise, it is impossible to simulate the complex 
and interactive metabolism of the bacterial ecosystem in the large 
intestine.

Earlier, we developed a batch culture method employing gas 
release from the culture as the measure for acid production, and 
hence carbohydrate breakdown (Kikuchi & Sakata, 1992), an adop-
tion of Menke method in ruminant science (Menke, Raab, Salewski, 
& Steingass, 1979). This enables continuous monitor of the bacte-
rial metabolism with a single culture, even second by second, if we 
use video monitoring (Kiriyama et al., 1992). Thus, it is quite easy to 
compare the time- courses of bacterial metabolism between differ-
ent conditions as many as 30.

3.6.2 | Continuous culture

This method can employ various patterns of substrate supply. It is 
possible to alter the dilution rate, to regulate the pH, or to adapt 
the culture to certain substrate(s) or culture condition (Sakata et al., 
2003). It is also possible to remove the fermentation products by 
dilution with buffer or through a dialysis membrane (Czerkawski, 
1986). It is possible to use autoclaved cecal contents or ileal efflu-
ents as the basal vehicle to which the fermentation substrate(s) of 
interest will be added (Sakata et al., 2003).

Some researchers used serially connected plural fermenters 
sometimes with different dimensions, dilution rates or pH (Gibson, 
Cummings, & Macfarlane, 2018; Molly, Van de Woestyne, & 
Verstraete, 1993). The use of such complex systems needs special 
cares, because it is more tedious and error- prone.

Anyway, continuous culture is more tedious, expensive and 
space consuming than batch cultures. Continuous culture methods 
require greater quantities of test substance(s) than batch cultures. 
The choice of different culture methods depends on the objec-
tive of the study, though over- simulation is not always productive 
(Czerkawski, 1986).

4  | STUDIES TO KNOW EFFEC TS OF 
SCFA S

Most of the in vivo effect of SCFA is the sum of direct, local indirect 
and systemic effects (Sakata, 1994b). Systemic effect can supersede 
local effect (Galfi, Neogrady, & Sakata, 1990). Accordingly, in vitro 
results may not be directly extrapolated to in vivo conditions. As most 
effects of SCFA are dose dependent (Inagaki & Sakata, 2005; LeBlay 
et al., 2000) and vary between different acids (Inagaki & Sakata, 2003; 
Sakata, 1994b; Yajima, 1995), it is important to know both the nature 
of the acid and the extent of its production by bacterial population.

I am afraid that too much emphasis is placed on n- butyrate, 
partly because of the reportedly preferred use of n- butyrate by colo-
nocytes (Roediger, 1995) and of the strongest effect of this acid to 
inhibit cell proliferation in vitro (Ginsburg, Salamon, Sreevalsan, & 
Freese, 1973; Kruh, Defer, & Tichonicky, 1995). However, studies 
using mucosal strip showed that acetate was the most preferred fuel 
for colonocytes (Jørgensen & Brøbech, 2009) and an A- V difference 
study shows more- or- less indifferent use of three SCFAs by colonic 
tissue (Tsukahara et al., 2014). Furthermore, acetate and propionate 
are the strongest stimulants for intestinal blood flow (Mortensen & 
Nielsen, 1995) and phasic colonic motility (Yajima, 1985), respectively. 
Therefore, more studies on acetate and propionate are needed.

4.1 | Correlation between lumen or fecal 
concentration and function of SCFAs

It is too dangerous to speculate effect(s) of SCFAs based on the cor-
relation between lumen or fecal SCFA concentration and physiologic 
effects or symptoms.

First of all, such a correlation does not support causal relation-
ship. Lumen or fecal SCFA concentration does not reflect the rate 
of SCFA production (see above) and often has little correlation 
with effects of SCFAs. For example, a continuous infusion of either 
physiologic mixture of SCFAs into the rat large intestine stimulated 
epithelial cell proliferation of the large intestine without increasing 
lumen concentration of SCFAs (Ichikawa & Sakata, 1997b). Thus, 
lumen concentration is a poor measure of the exposure to SCFA.

4.2 | Need for direct exposure to SCFAs

We should keep it in mind that the production of SCFA in the large 
intestine accompanies the consumption of ammonia, hydrogen 
sulfide, and branched- chain fatty acids for the synthesis of protein 
of bacterial cell body (Livesey & Elia, 1995; Macfarlane & Gibson, 
1995). Thus, the apparent correlation between an effect and the 
increased SCFA production should not be directly interpreted that 
SCFAs are the causative agent for the effect. The decrease in am-
monia, hydrogen sulfide, or branched- chain fatty acids could be re-
sponsible for the effect.

It is also possible for some indigestible carbohydrate to stimu-
late calcium absorption by directly increasing epithelial permeability 
independent of the action of SCFAs, however, accompanying the in-
crease in luminal or fecal SCFA concentration (Mineo, Hara, Kikuchi, 
Sakurai, & Tomita, 2001; Mineo, Hara, Shigematsu, Okuhara, & 
Tomita, 2002).

The direct administration of a SCFA or a mixture of SCFAs into 
the physiologic production site should be the first choice to test the 
effect of SCFA(s).

4.3 | Dose and route

Effects of SCFAs can vary or even become opposite at different doses. 
For example, SCFAs stimulate phasic contraction of the colon (Yajima, 
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1985), and cell proliferation of isolated smooth muscle cells (LeBlay 
et al., 2000) or that of colonic epithelial cells in organ culture (Inagaki & 
Sakata, 2005) at physiologic low dose, however, become inhibitory at 
unphysiologically high dose (Cherbut et al., 1996; Ginsburg et al., 1973; 
Inagaki & Sakata, 2005; Kruh et al., 1995; LeBlay et al., 2000) (Figure 3).

In vivo production rate of SCFA(s) should be a good measure to 
decide the dose of SCFA(s) for an in vivo or in situ experiment. Thus, 
it is recommended to administer SCFA(s) to animals with deficient 
SCFA(s) production, for example, by feeding diet with deficient fer-
mentable indigestible carbohydrate (Sakata, 1987a), by hindgut 
bypass (Ichikawa & Sakata, 1998), by parenteral feeding, or using 
germ- free animals (Sakata, 1987a). If we wish to know the effect of 
SCFAs produced in the hindgut, then we should administer SCFAs 
into the hindgut preferably with its ordinary contents (Sakata, 1987a).

It is essential to define the site of administration according to 
an anatomic marking such as the entrance of blood vessels (Sakata, 
2007; Sakata & Setoyama, 1997).

Lack of solid matter or infusion of too much amount of water should 
abnormally reduce the viscosity of contents and thereby abnormally 
increase the rate of absorption (Takahashi, 2011; Takahashi & Sakata, 
2002, 2018). Such approaches may also damage the barrier function of 
bacterial biofilm and mucus layer (Figure 1). Actually, too much amount 
of free water abnormally stimulated colonic mucus release in an in situ 
perfusion study using rats (Sakata & von Engelhardt, 1981b).

Portal or systemic venous administration (Velazquez et al., 1996) 
is desirable if we are interested in hepatic or systemic effects of ab-
sorbed SCFA, respectively. Naturally, the dose should observe the 
physiologic entry rate of SCFAs in these vessels (Nakatani et al., 
2018; Tsukahara et al., 2014; Watanabe & Murai, 1968).

It is difficult to set an appropriate concentration of SCFAs for in 
vitro studies (Inagaki & Sakata, 2005). We do not know the concen-
trations of SCFAs at the very surface of both the luminal and baso- 
lateral cell membranes of cecal or colonic epithelial cells (Figure 4).

The high viscosity of lumen contents (Takahashi, 2011; Takahashi 
& Sakata, 2002, 2018), existence of bacterial biofilm (Macfarlane, 
McBain, & Macfarlane, 1997) or mucus layer (Sakata & von 

Engelhardt, 1981a) on the epithelial surface, and rapid absorption 
rate for SCFA of cecal or colonic epithelium (von Engelhardt, 1995) 
should make their concentration at the surface of luminal membrane 
far lower than those in the lumen bulk phase (Figure 4), even at the 
flat surface of the ceco- colonic segment (Inagaki & Sakata, 2005). 
SCFA concentration at the surface of crypt lumen is more difficult 
to know. It is hard to take samples directly from the crypt lumen 
and there is a bottom- to- surface flow of mucus in the crypt lumen 
(Figure 4). Bottom- to- top pericryptal blood flow (Figure 4) does not 
favor the transport of SCFAs in the lamina propria under the flat sur-
face toward the crypt bottom. Therefore, it is difficult to estimate 
the SCFA concentration at the baso- lateral surface of cells in crypt 
bottom, where cell proliferation takes place. Even for the epithelial 
cells at the flat surface, we do not have reliable data of SCFA con-
centration at the baso- lateral surface. However, that concentration 
may not be too much different from “mucosal concentration” mea-
sured by Tsukahara et al. (2014), which was approximately one half 
as the lumen bulk phase concentration. The concentration of SCFAs 
at the baso- lateral surface of epithelial cells should lie somewhere 
between the concentrations at the luminal surface and venous blood 
(Nakatani et al., 2018; Tsukahara et al., 2014; Watanabe & Murai, 
1968).

Therefore, it is essential to conduct a dose–response study cov-
ering both luminal and venous SCFA concentrations to know the ef-
fect of SCFAs on or via epithelial cells. In this regard, it may be safer 
to include very wide dose range of several orders (Inagaki & Sakata, 
2005; LeBlay et al., 2000), when it is difficult to know the in situ 
concentration of SCFAs to which the target cell is directly exposed.

If we are interested in effects of SCFAs on peripheral cells, then 
we may soundly employ arterial concentration of SCFAs. In this re-
gard, studies on arterial concentrations of SCFAs are badly needed.

4.4 | Time- course

It is a difficult question how long we should expose objective 
cells, tissue or organ to SCFAs. Some effect of SCFAs can reverse 

F IGURE  3 Mean crypt cell production 
rate of pig distal colonic mucosa exposed 
to various luminal and serosal n- butyric 
acid concentrations in organ culture 
(Inagaki & Sakata, 2005) (n = 40 after 
jackknife resampling, pooled standard 
error of the mean = 1.45). Means not 
sharing a same letter differ significantly by 
Tukey’s post- hoc test (p < 0.05)

C
ry

pt
 c

el
l p

ro
du

ct
io

n 
ra

te
 (

ce
ll/

cr
yp

t/h
)

0

5

10

15

Luminal butyrate concentration (mmol/L)

0 0.1 1.0 10

Serosal butyrate

0.1 mmol/L

0.0 mmol/L

1.0 mmol/L

10.0 mmol/L

f

f f

h

e

g
g

i

de d

c
c

c

b
b



     |  9SAKATA

according to the length of exposure. For example, exposure of the 
luminal side of the distal colon to some SCFA leads to peristaltic 
contraction (Yajima, 1985), then to relaxation (Cherbut, 1995). It is 
also well known that the sensory mechanism for SCFAs in the colon 
adapts to multiple stimuli; the reaction to the second stimulus not so 
strong as the one to the first stimulus (Yajima, 1995).

It is also important if the duration of the effect is sufficiently long 
for physiological or nutritional significance. For instance, it may not 
be important if a SCFA stimulate gut epithelial cell proliferation just 
for 1 hr, however, it can be of some nutritional significance if SCFA 
can stimulate for several days (Sakata, 1987a) (Figure 5) or longer 
(Sakata, 1986).

Thus, it is essential to conduct a series of time- course study 
(Figure 5) to say something about nutritional or physiological effects 
of SCFAs in vivo.

4.5 | Circadian fluctuation

Many functions of multicellular organisms have a circadian fluctuation. 
For instance, gut epithelial cell proliferation is low during actively mov-
ing period (light period in humans or ruminants, dark period in rats or 
mice) (Sakata, 1987a; Sakata & Tamate, 1978). Thus, we should think 
about the timing of the administration and that of observation. It is also 
important to observe if SCFA alters the peak value or bottom value.

For example, SCFAs increased the height of the peak in gut epi-
thelial cell proliferation without changing their pattern of circadian 
fluctuation (Sakata, 1987a) (Figure 6). If I concluded based on the 
results at just one time point of the day, then it were possible to 
conclude both SCFAs had a stimulatory effect or they had no effect 
at all, depending on the time of observation (Sakata, 1987a).

We should also notice that researchers during their usual working 
time observe experimental rodents during their resting time, which 
is often disturbed by maintenance activities in the animal house.

4.6 | Interaction with other metabolites

There are metabolites such as carbon dioxide, ammonia, hydrogen 
sulfide, or organic acids beside SCFAs in the hindgut of mammals or 
birds. Therefore, we should not neglect the influence of these sub-
stances on the effect of SCFAs.

F IGURE  4 Compiled information 
about the luminal (Nakatani et al., 
2018; Sakata, 1987a; Tsukahara et al., 
2014; Yajima & Sakata, 1992), mucosal 
(Tsukahara et al., 2014), pericryptal, 
and cecal venus (Nakatani et al., 2018; 
Tsukahara et al., 2014; Watanabe & 
Murai, 1968) concentrations of SCFAs 
(left) with a schematic drawing of mucosal 
vascular system in the pig distal colon 
(Saito, 2003) (right inserted). Note the 
directions of mucus flow in the crypt 
lumen, which is against the entry of 
SCFAs via this pathway and of blood flow 
from the crypt bottom to the flat surface. 
The latter does not favor the delivery of 
SCFAs under the flat surface epithelium 
to the crypt bottom via local vascular 
network. Numbers 1–5 in the right panel 
show arteriole, venule, mid- cryptal 
venule, pericryptal capillary network and 
muscularis mucosae, respectively

Lumen     bulk phase 
                or feces

mucus

Crypt

Proliferative 
zone

mucus layer

blood from arteriole

SCFAs 100-200 mmol/L

SCFAs ?

SCFAs
75 mmol/kg
mucosal
tissue

SCFAs ?
SCFAs 

1.3-10 mmol/L
in cecal vein

Mucosa

B
lo

od
 to

 v
en

ul
e

F IGURE  5 Mean crypt cell production rate of the distal colon 
in rats fed an elemental diet plus kaolin (9:1, w/w) and given acetic 
100, propionic 20 and n- butyric acid (mmol/L), or 180 mmol/L 
sodium chloride (control) both at pH 6.1, 3 ml twice daily into the 
cecum for 1 week (Sakata, 1987b). *significantly different from the 
control by Scheffe’s test at p < 0.5
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For example, both SCFA and ammonia stimulate epithelial cell pro-
liferation in the rat colon, however, with negative interaction effect 
(Ichikawa & Sakata, 1998). Effect of SCFA can also vary at different 
pH (Ichikawa & Sakata, 1997b). In other words, there is a reasonable 
possibility that an effect of SCFA can be modified by co- existing acid 
or base.

Thus, we should take special care when we wish to extrapolate 
the effect of SCFA found in an experiment without co- existing me-
tabolites to in vivo condition. This is one of the reasons why I stick 
to the idea to administer SCFA into the hindgut with their contents 
containing other metabolites.

5  | CONCLUDING REMARKS

The above discussion showed that research on SCFAs needs many 
cares. I do hope researchers, supervisors, and reviewers observe 
these points and remind that they are responsible for their output 
and outcomes of reviewing to tax- paying citizens and to general con-
sumers, who are sponsoring your research.

I dedicate the present article to two giant scientists in SCFA sci-
ence, who lead me to the field of SCFA research, late Prof. Hideo 
Tamate and Prof. Wolfgang von Engelhardt with my deepest appre-
ciation. I also wish to express my gratitude to Dr. Akiko Inagaki and 
Ms. Shihoko Saito for their kind permission to use their data or sche-
matic drawing in their MSc. thesis, respectively.
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