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Abstract

BACKGROUND

Alcoholismis regarded as arisk factor for vitamin Bi2 (VBi2) deficiency. Because
VB serves as a coenzyme of methylmalonyl-CoA mutase, a key enzyme in propionate
metabolism, the C-propionate breath test (PBT) has been studied as a non-invasive
diagnostic modality for VBi2 deficiency. However, the conventional PBT requires 2 h,
which is inconvenient in clinical practice. We hypothesized that a faster PBT can be
used to evaluate propionate metabolism and is more easily adaptable for clinical

practice.

AIM
To evaluate a faster PBT for assessing the effects of long-term ethanol consumption on

propionate metabolism in ethanol-fed rats (ERs).

METHODS

ERs were obtained by replacing standard drinking water (for control rats, CRs) with

16% ethanol solution in descendants of F344/DuCrj rats. Faster PBT was performed by




administering *C-propionate aqueous solution to male and female ERs and CRs by
inserting a metal tubule from the mouth to the stomach; exhaled gas was collected in a
bag to measure its 13CO,/12CO; isotope ratio via infrared isotope spectrometry. Serum
VB2 and alanine transaminase (ALT) levels were measured via chemiluminescence
immunoassay and the lactate dehydrogenase-ultraviolet method, respectively. We
evaluated statistical differences in mean body weight, change in*CO2 (APCO2 %o),
peak A3COz %o, and serum VBpand ALT, between males and females and between ERs
and CRs using the t-test and Mann-Whitney U test for normally and non-normally

distributed variables, respectively.

RESULTS

Males weighed significantly more than females (P < 0.001); CRs weighed significantly
more than ERs (P < 0.008). A3CO:zreached a peak (Cmax) at 20 min and 30 min in
females and males, respectively, decreasing after 20-30 min without rebound in all
groups. Males had significantly higher Cmax and A3CO; at 15-45 min than females (P <
0.05; for all pairs). Propionate metabolism was enhanced in male ERs relative to male
CRs, whereas metabolism did not differ markedly between ERs and CRs for females.
Males had higher serum VBizlevels than females, without prominent differences
between the ER and CR groups. Male CRs had notably higher ALT levels than male
ERs. Thus, chronic ethanol consumption may trigger fatty acid production via intestinal

bacteria and changes in gut microbiome composition.

CONCLUSION

Faster PBT shows that 16% ethanol consumption promotes propionate metabolism
without inducing liver injury. This PBT may be used clinically to evaluate gut flora

status.
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Core Tip: Alcoholism is a risk factor for vitamin B12 (VB12) deficiency. The 13C-
propionate breath test (PBT) is a diagnostic modality for VB12 deficiency, but requires 2
h for completion. We applied a faster PBT to evaluate propionate metabolism using an
ethanol-fed rat model. After 13C-propionate administration, the 13C0O2/12CO2 isotope
ratio of gas collected every 5 min for 60 min was measured using infrared isotope
spectrometry. The A13CO2 peak occurred within 30 min. Ethanol-fed males showed
marked propionate metabolism without associated liver injury. This study
demonstrates the potential of the faster PBT to evaluate propionate metabolism under

various clinical conditions.

INTRODUCTION

Chronic alcoholism is a risk factor for vitamin Bi2 (VB12) deficiency?. Because
VB12 works as a coenzyme of methylmalonyl-CoA mutase, a key enzyme in propionate
metabolism (Figure 1), the 13C-propionate breath test (PBT) has been studied as a non-
invasive diagnostic modality for VBiz deficiency, with favorable resultsl®4. For instance,
Wager et al.Bl reported that the conventional PBT could reliably predict VB2 deficiency
in humans, with an area under the curve of the receiver operating curve value of 0.88.
Propionate is a ubiquitous short chain fatty acid produced by intestinal bacteria, such
as Phascolarctobacteriuml5l. Emerging evidence suggests that intestinal microbial flora
have a healing influence on alcoholic liver damagel®l, and propionate produced by
intestinal bacteria has protective effects against alcoholic liver damagel”l. Thus, we
believe that PBT may provide important information not only regarding VBi2deficiency,
but also regarding alcohol metabolism and alcoholic liver damage.

However, the conventional PBT requires 2 h to complete, which can be highly

inconvenient for patients in clinical settings. Thus, in the present study, we aimed to




evaluate the potential of a faster PBT for assessing the effects of long-term ethanol

consumption on propionate metabolism as well as VBi» deficiency using ethanol-fed
rats (ERs) as an animal model of chronic alcoholism. As the protective effects of
estrogen against VB2 deficiency have been reported!®], we also evaluated the effect of

sex-related differences on propionate metabolism, as detected by the faster PBT.

MATERIALS AND METHODS

Animals and treatments

All animal experiments were performed with approval of the Toho University School of
Medicine (Approval No.: 21-51-496). Descendants of F344/DuCrj rats purchased from
CLEA Japan Inc. (Tokyo, Japan) for our previous studyl®l were used to establish the ER
and control rat (CR) groups for this study. All rats used in the present study were 18-
generation descendants of the originally established ER and CR groups, maintaining the
lines within treatments (i.e., parents of ERs were ERs, parents of CRs were CRs).

All rats were housed with their mothers until weaning at 4 wk of age. Subsequently, all
rats were individually housed in a controlled environment (temperature, 23 + 2 °G;
humidity, 55+ 5%) and provided a standard diet (CE-7; CLEA Japan Inc., Tokyo, Japan)
and drinking liquid ad libitum. In the ER group, a 16% ethanol solution (Japanese Sake,
Ozeki Corporation, Hyogo, Japan) was provided as a substitute for water by replacing
the content of water bottles with ethanol solution in all cages of ERs.

A total of 16 ERs (8 males and 8 females) and 16 CRs (8 males and 8 females) aged 27-30

wk were used in the experiments; ERs continuously consumed alcohol for 23-27

wk. We used available descendants of F344/DuCrj rats that we had utilized in previous
studiesl?l. Therefore, we did not perform sample size calculation, randomization, or

blinding,.

Administration of *C-propionate and collection of exhaled gas
We purchased 1-PC-sodium propionate from Cambridge Isotope Laboratories

(Andover, MA, USA) and prepared a 13C-propionate aqueous solution at 1 g/mL using




distilled water immediately before administration. Body weight was measured
immediately before administration. We performed gastrointestinal intubation in each
rat and used a metal tubule, extending from the mouth to the stomach, to administer 0.1
mL/g of the 13C-propionate solution. Immediately after administration, the rats were
individually placed in the chambers of a dedicated exhaled-gas collection machine
consisting of sealed chambers, pumps, and collecting bags, designed by Uchida et
al 10l We collected 100-200 mL of exhaled gas in the collecting bag for 90 s every 5 min

for a total of 60 min.

Measurement of the 3C recovery rate

Because *C-propionate is metabolized in the liver and exhaled as *CO: (Figure 1), we
measured the 3CO,/12COzisotope ratio of the collected gas using infrared isotope
spectrometry (POCone; Otsuka Electrics Co, Ltd., Hirakata, Japan) and monitored the

change in 13CO; (A¥COz %o), as reported previouslyl'l.

Evaluation of serum VB12 and alanine transaminase (ALT) levels
After collecting the exhaled gas for 60 min, the rats were immediately

anesthetized via sevoflurane inhalation, and 5-10 mL of venous blood was collected

from the inferior vena cava and the right atrium under laparotomy. After collecting
sufficient blood samples, the animals were euthanized by rapid blood release. The
blood was immediately centrifuged (relative centrifugal force: 1,700 xg) for 10 min, and
the serum was collected. The serum was promptly frozen and submitted to FUJIFILM
VET Systems Co. Ltd. (Tokyo, Japan) for measuring serum VBizand ALT levels via
chemiluminescence immunoassay and the lactate dehydrogenase-ultraviolet method,

respectively.

Statistical analyses
We analyzed A3CO; %0 measured every 5 min after 3C-propionate administration for

60 min and serum VBizlevels, comparing the sexes and the ER and CR groups. The




normality of the distribution of all variables was evaluated using the Kolmogorov-
Smirnov test, and differences between groups were compared using the f-test and
Mann-Whitney U test for normally and non-normally distributed variables,
respectively. Statistical significance was set at P < 0.05. All statistical analyses were
performed using Stata/IC software (version 15.1; Stata Corp., College Station, TX,
USA). We used R 4.2.0 for construction of graphics!’?l. The statistical methods were
reviewed by Yosuke Sasaki from the Toho University School of Medicine (the first
author). As Yosuke Sasaki has completed several certified biostatistics courses, we did

not obtain additional biostatical review suggestions by external biomedical statisticians.

RESULTS

Influence of ethanol and sex on body weight

Body weight was significantly higher (P < 0.0001) in males (335.8 + 37.0 g) than in
females (176.6 + 21.9 g). In addition, body weight was significantly higher in CRs than
in ERs for both males and females (P = 0.0082 and P = 0.005, respectively, Table 1).

Sex-related difference in PBT results

The ABCOgzreached its peak (Cmax)at 20 min and 30 min in females and males,
respectively. The ABCO; decreased after 20-30 min without rebound in both groups
(Table 2 and Figure 2). Therefore, the overall trends in ACO; over time were similar
between males and females, although Cuax was delayed in males and A3CO: was
significantly higher in males at 30 min and thereafter (Table 2 and Figure 2). The
Cumax and ABCO; values between 15 and 45 min were significantly higher in males than
in females (P < 0.05, Table 2). Considering these sex-based differences, we further

compared the effects of ethanol in males and females separately.

Effects of ethanol on propionate metabolism
Propionate metabolism was accelerated in the ERs relative to that in the CRs in males

(Figure 3), with A13COz at 10 and 20 min being markedly higher in male ERs. However,




A3CO, after 40 min was higher in the CR group (Table
3). The ABBCO; reached Cpax earlier in the ERs (at 20 min) than in the CRs (at 30 min).
These findings suggest that ethanol promoted propionate metabolism in male rats.
However, propionate metabolism was similar between the ER and CR groups among

females, without any significant differences (P > 0.110 for all pairs, Table 3, Figure 4).

Effects of ethanol on sexym VB12 and ALT levels

The serum VB12 levels were significantly higher in males than in females (P = 0.0013,
Table 4); however, no significant differences were observed between the ER and CR
groups for either sex (P > 0.05 for all pairs, Table 4). In contrast, serum ALT levels were

significantly higher in male CRs than in male ERs (P = 0.0347, Table 5).

DISCUSSION

In this study, we compared propionate metabolism using a faster PBT in rats and
compared serum VB12 and ALT levels between males and females and between ER and
CR groups. Overall, our study demonstrates that (1) the faster PBT is useful for
evaluating differences in propionate metabolism after administration of a®3C-
propionate solution, (2) males show greater propionate metabolism, with higher serum
VB2 levels, than females, (3) ethanol consumption promotes propionate metabolism in
male rats only, and (4) ethanol consumption reduces body weight and serum ALT
levels.

In the faster PBT, ACO; peaked at 30 min, then decreased over time without
rebound in all groups. Accordingly, we consider the faster PBT, which is completed
within only 60 min after 13C propionate administration, to be sufficiently sensitive to
evaluate propionate metabolism, as a substitute for the conventional PBT that requires
collecting exhaled gas for 2 h.

Using the PBT, our study showed a higher Cmax and ACOz between 15 and 45
min in male rats than in female rats, which suggests that male rats have stronger

propionate metabolism. Suppression of carbohydrate metabolism and promotion of




lipid metabolism by estrogen in females have been proposed as mechanisms
contributing to lower carbohydrate metabolism in females than in malesl3l.
Furthermore, a protective effect of estrogen against VBiadeficiency in fertile females has
been reported, along with higher susceptibility to VBi2 deficiency in postmenopausal
womenl814l. Considering that VBixworks as a coenzyme of methylmalonyl-CoA
mutase, and that serum VBi2 levels were not pathologically low in the rats used in our
study, we postulate that the lower propionate metabolism detected by the faster PBT
and the lower serum VBp:levels in females than in males may reflect underlying
physiological sex-related differences in carbohydrate metabolism associated with
estrogen.

As we aimed to use the faster PBT to evaluate impaired propionate metabolism
due to VBiz deficiency and liver disease caused by chronic alcohol consumption, we
expected to find lower propionate metabolism and higher serum ALT levels in the ER
group than in the CR group. However, we obtained contrasting results, with
acceleration of propionate metabolism in the ER group and higher serum ALT levels in
the CR group. Changes in the gut flora caused by chronic alcohol consumption may
explain the promotion of propionate metabolism in the ER group. Using male
marmosets, Zhu et al.["®l reported that the concentrations of short-chain fatty acids,
including propionate, depend on changes in intestinal bacteria, based on an observed
reduction in fecal propionate levels along with a reduction in the relative abundance
of Phascolarctobacterium in the gut. Moreover, Watanabe et al.ll reported that the
substrates of short-chain fatty acids, including propionate, produced by intestinal
bacteria depend not only on a single bacterial strain, but also on the specific
composition of other bacteria present in the gut. According to these reports, ethanol can
serve as both a potential substrate of fatty acid production by intestinal bacteria, such
as Phascolarctobacterium, and as a trigger for changes in gut flora.Thus, we hypothesized
that chronic alcohol consumption promotes propionate production both as a substrate

for various fatty acids and as a trigger for changes in gut flora.




Alternatively, these observations may be due to the well-known difficulties in
recapitulating the effects of chronic alcohol consumption in an animal model. We
intended to establish a rat model of chronic alcoholism to evaluate the metabolic effect
of ethanol consumption by oral administrationof al16% ethanol solution
(corresponding to the level of alcohol commonly consumed by Japanese drinkers in the
form of sake) for >20 wk based on a previous studyl'®l. Therefore, we expected higher
serum ALT levels in the ER group. Our contrasting result (lower serum ALT after 16%
ethanol consumption) highlights the difficulty in the development of alcoholic animal
models. A recent review on the utility of animal models for alcoholic liver disease
mentioned that, in contrast to primates, rodent models fail to sufficiently display the
full disease spectrum of alcoholic liver disease found in humans, despite many trials
under various conditionsl'?l. The absence of craving in rats, owing to their natural
aversion to ethanoll'®19, the faster ethanol catabolism in rodents than in humans/?’l, and
differences in the innate immune systems of the species, have been proposed as the
main factors contributing to the difficulty in establishing a useful rat model of human
alcoholism!?!l, 1t is therefore possible that our results also reflect failure to generate a
chronic alcoholism rat model; thus, studies using primates or other small animals rather
than rodents may be more appropriate. Considering the ad libitum diet administration,
and the higher body weight in the CR group, fatty liver due to excessive dietary intake
may explain the higher serum ALT levels in CRs. Because all of the rats consumed the
same diet, it is possible that consumption of 16% ethanol solution had a protective effect
against liver damage. Given that propionate itself reportedly has protective effects
against steatohepatitisl’l, and that improvement of gut flora is an effective way to
suppress liver damagel®], enhanced propionate metabolism and favorable changes in
the gut flora might suppress liver damage in male ERs. As discussed earlier, the lack of
acceleration in propionate metabolism in female ERs can be explained by sex-related
differences in carbohydrate metabolism.

In addition to the lack of confirmation of the chronic alcoholism model, our

study has other limitations. For instance, the serum methylmalonic acid (MMA) level,




rather than the serum VBiz level, is required for the precise diagnosis of VB2 deficiency
in humansl3l. However, we were not able to evaluate MMA levels because major
domestic commercial laboratories no longer perform MMA testing of human serum or
urine, and we could not find or access domestic laboratories measuring serum MMA in
animal samples. Similarly, comparing the PBT results with biomarkers, such as
aldehyde dehydrogenase and alcohol dehydrogenase, which sensitively and precisely
reflect hepatic alcohol metabolism, may provide more information!2l. We believe that
comparing levels of serum MMA and the markers evaluated using the faster PBT may
provide further insight into the association between VBi;deficiency and

alcoholism. Moreover, the present study only focused on the association between

propionate metabolism and VBi; deficiency based on a previous study on PBTII,

However, considering the complexity of intestinal propionate production due to the

variety of propionate-producing bacteria,

including Clostridium spp., Veillonella spp., Fusobacterium spp., Salimonella  ruminantium,

and Propionibacterium spp., and the complexity of substrates(23], the findings obtained

herein, including the promoted propionate metabolism in male ERs and sex-related

difference, mav have potential clinical utility and provide a basis for future research

into propionate metabolism and intestinal microbiota under various conditions. For

instance, comparison of findings between faster PBT and the composition or changes in

gut microbiota may provide interesting information on the association between gut

microbiota and their products. Despite these limitations and lack of confirmation of

VB1» deficiency under our experimental conditions, our study highlights the influence

of ethanol and sex-related differences in propionate metabolism.

CONCLUSION
We evaluated a faster PBT in which Cmax peaked within 30 min. This PBT could serve as

a substitute for conventional PBT (which takes at least 2 h) for evaluating propionate

metabolism and diagnosing VBi deficiency. Although we could not evaluate the

usefulness of faster PBT as a diagnostic modality for VBi;deficiency as initially




intended because we failed to create a rat alcoholism model with VBi» deficiency, our

study suggests that chronic consumption of 16% ethanol changed the composition of
fatty acids produced by the intestinal flora, likely by changing the intestinal flora
composition without causing corresponding liver injury. Considering the accumulating
evidence of alteration of the gut flora as one of the mechanisms of alcoholism-related
health impacts/?¥], our study demonstrates the potential utility of the faster PBT as a
non-invasive and more convenient modality to evaluate changes in the gut flora

associated with ethanol consumption and various other conditions.

ARTICLE HIGHLIGHTS

Research background

Alcoholism is _regarded as arisk factor for vitamin Bi» (VBiy) deficiency. Because

VB> serves as a coenzyme of methylmalonyl-CoA mutase, a key enzyvme in propionate

metabolism, the 13C-propionate breath test (PBT) has been studied as a non-invasive

diagnostic modality for VB> deficiency.

Research motivation

The conventional PBT reqguires 2 h, which is inconvenient in clinical practice. We

hypothesized that a faster PBT can be used to evaluate propionate metabolism and is

more easily adaptable for clinical practice.

Research objectives

We aimed to evaluate the potential of a faster PBT for assessing the effects of long-term

ethanol consumption on propionate metabolism as well as VB deficiency using

ethanol-fed rats (ERs) as an animal model of chronic alcoholism.

Research methods

ERs were obtained by replacing standard drinking water (for control rats, CRs) with

16% ethanol solution in descendants of F344/DuCrj rats. Faster PBT was performed by




administering 13C-propionate agueous solution to male and female ERs and CRs by

inserting a metal tubule from the mouth to the stomach; exhaled gas was collected in a

bag to measure its 13CO, /12CO; isotope ratio via infrared isotope spectrometry. Serum

VB2 and alanine transaminase (ALT) levels were measured via chemiluminescence

immunoassay and the lactate dehydrogenase-ultraviolet method, respectively. We

evaluated statistical differences in mean body weight, change in *CQO» (ACO2 %0),

peak A13CO; %o, and serum VBpand ALT, between males and females and between ERs

and CRs.

Research results

Males weighed significantly more than females (P < 0.001); CRs weighed significantly

more than ERs (P < 0.008). A13CO;reached a peak (Cpax) at 20 min and 30 min in

females and males, respectively, decreasing after 20-30 min without rebound in all

groups. Males had significantly higher Cuna and ABCO» at 15-45 min than females (P <

0.05; for all pairs). Propionate metabolism was enhanced in male ERs relative to male

CRs, whereas metabolism did not differ markedly between ERs and CRs for females.

Males had higher serum VBiz levels than females, without prominent differences

between the ER and CR eroups. Male CRs had notably hicher ALT levels than male
ERs. Thus, chronic ethanol consumption may trigger fatty acid production wia intestinal

bacteria and changes in gut microbiome composition.

Research conclusions

Faster (1-hour) PBT could serve as a substitute for conventional PBT (which takes at

least 2 h) for evaluating propionate metabolism and diagnosing VB> deficiency.

Although we could not evaluate the usefulness of faster PBT as a diagnostic modality

for VB1» deficiency as initially intended because we failed to create a rat alcoholism

model with VBiadeficiency, our study sugeests that chronic consumption of 16%

ethanol changed the composition of fatty acids produced by the intestinal flora.




Research perspectives

Qur study demonstrates the potential utility of the faster PBT as a non-invasive and

more convenient modality to evaluate changes in the gut flora associated with ethanol

consumption and various other conditions.
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