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Short-chain fatty acids (SCFAs) are major products of the microbial fermentation of dietary fiber in
the colon. Recent studies suggest that these products of microbial metabolism in the gut act as signaling mole-
cules, influence host energy homeostasis and play major immunological roles. In the present study, we defined
the long-term effects of ceftriaxone administration on the fecal SCFAs concentration in Wistar rats. Ceftri-
axone (300 mg/kg, i.m.) was administered daily for 14 days. Rats were euthanized in 1, 15 and 56 days after
ceftriaxone withdrawal. Caecal weight and fecal concentration of SCFAs were measured by gas chromatog-
raphy. Ceftriaxone administration induced time-dependent rats’ caecal enlargement through accumulation
of undigestable substances. One day after ceftriaxone withdrawal, the concentrations of acetic, propionic,
butyric acids and total SCFAs were decreased 2.9-, 13.8-, 8.5-, 4.8-fold (P < 0.05), respectively. Concentra-
tion of valeric, isovaleric and caproic acids was below the detectable level. That was accompanied by 4.3-fold
decreased anaerobic index and increased relative amount of acetic acid (P < 0.05). In 56 days, concentration
of SCFAs was still below control value but higher than in 1 day (except for propionic acid). Anaerobic index
was 1.3-fold lower (P < 0.05) vs. control. Conclusion: antibiotic therapy induced long-term disturbance in
colonic microbiota metabolic activity.
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T he interchange of low molecular weight me-
tabolites between gut microorganisms and
macroorganism have attracted a lot of at-
tention during last years [1-3]. The gut microbiota
affects predominantly host physiology by the pro-
duction of short-chain fatty acids (SCFAs). SCFAs
are saturated aliphatic organic acids that consist of
one to six carbons of which acetate (C2), propionate
(C3), and butyrate (C4) are most abundant (>95%).
Acetate, propionate, and butyrate are present in an
approximate molar ratio of 60:20:20 in the colon
and stool [4]. Depending on the diet, the total maxi-
mum concentration of SCFAs decreases from 70 to
140 mM in the proximal colon from 20 to 70 mM in
the distal colon [5].

These metabolites, especially butyrate, serve as
an important source of energy for the intestinal epi-
thelial cells, providing about 60-70% of their energy
demand. Colonocytes from germ-free mice are in an
energy-deprived state and exhibit decreased expres-
sion of enzymes that catalyze key steps in interme-
diary metabolism including the tricarboxylic acid
cycle. Consequently, there is a marked decrease in
NADH/NAD?, oxidative phosphorylation, and ATP
levels, that results in AMP-activated protein kinase
activation, cyclin-dependent kinase inhibitor 1B
phosphorylation and autophagy. When butyrate is
added to germ-free colonocytes, it rescues their defi-
cit in mitochondrial respiration and prevents them
from undergoing autophagy [6].
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Moreover, they indeed play major immunolog-
ical roles both systemically and locally in the gut.
This pathway involves the activation of SCFA-bin-
ding G-protein-coupled receptors (GPCRs). In 2003,
GPR41 and GPR43 were deorphanised as SCFA
receptors [7-9]. Anti-inflammatory functions refer
to the property of SCFAs modulate immune cell
chemotaxis, adhesion, production of reactive oxygen
species and cytokines [10, 11]. Butyrate elicits anti-
inflammatory effects via inhibition of interleukin
(IL)-12 and upregulation of IL-10 in human mono-
cytes [12]; inhibition of the tumor necrosis factor
(TNF)-a-induced nuclear translocation of the proin-
flammatory nuclear transcription factor-xB (NF-«xB)
in human colorectal adenocarcinoma (HT-29) cell
line [13] induction of colonic regulatory T cells dif-
ferentiation, which suppresses the inflammatory and
allergic response [14]. However, in sites of anaerobic
bacteria infection or after the loss of intestinal epi-
thelial integrity, high concentrations of SCFAs may
lead to neutrophil accumulation and amplification of
the inflammatory process [11].

Significant violations in gut and the whole body
microecology often occur after using antibiotics and
other chemotherapeutic agents that occupied a great
place in modern medical practice [15]. There is the
increasing concern that antibiotic exposure may have
long-term consequences for immune tolerance of the
gastrointestinal tract and susceptibility to pathogens,
contributing to the development of inflammatory
diseases [16]. The effect of antibiotic therapy on the
fecal SCFAs level has been studied before [17-19],
but most studies were conducted during or immedi-
ately after antibiotics administration. Therefore little
is known about the duration of microbiota metabolic
profile disorders caused by antibiotic therapy. The
aim of this work was to determine the fecal SCFAs
level at different time points after 14-day administra-
tion of cephalosporin antibiotic ceftriaxone in Wistar
rats.

Materials and Methods

The experiments were performed on Wistar
male rats (140-160 g, n = 12), which were bred and
housed in the conventional animal facility of the
ESC “Institute of Biology and Medicine” of Taras
Shevchenko National University of Kyiv (Ukraine)
under standard environmental conditions (12-h light/
dark cycle at a constant temperature of 22 °C). All
animals had unlimited access to animal chow and
tap water throughout the study. To normalize gut mi-

crobiota, rats from all groups were kept in the same
room and maintained by the same personnel. The
study was approved by the animal committee of ESC
“Institute of Biology and Medicine” Taras Shevchen-
ko National University of Kyiv (Protocol No 8§ is-
sued in Nov, 2, 2015). The day 1 of the experiment
is considered the first day of ceftriaxone or vehicle
administration. Ceftriaxone (Ind. Stock Company
Darnytsya, Ukraine) was administered for 14 days
in a dose 300 mg/kg intramuscularly (i.m.). Control
rats were treated with sterile water (0.1 ml/rat, i.m.).
Caecal weight was measured directly one (15" day
of experiment) and 15 days (29" day of experiment)
after ceftriaxone withdrawal and calculated as % of
body weight. The fecal concentration of SCFAs of
rats was determined one (15" day of experiment) and
56 days (72" day of experiment) after ceftriaxone
withdrawal.

Fecal samples weighing 1 g were homogenized
in 2 ml of 0.02N HCI and then kept at room tempera-
ture for extraction during 30 min in air-tight contai-
ners to prevent the loss of volatile SCFA. Then sam-
ples were centrifuged for 10 min (11 000 g). 300 ul
of supernatants were transferred to an autosampler
vial for GC-MS analysis and added 100 pl of 0.05%
internal standard (4-methyl-valeric acid, Sigma-Ald-
rich, Germany).

The gas chromatographic (GC) analysis was
carried out at the Center for collective usage at the
D.K. Zabolotny Institute of Microbiology and Virolo-
gy of NAS of Ukraine using an Agilent 6890N GC
system (Agilent Technologies, USA) equipped with
an automatic liquid sampler Agilent 7683B, (Agi-
lent Technologies, USA). Separation was performed
using a fused-silica capillary column with a free fat-
ty acid phase DB_FFAP, 0.25 pm x 0.25 mm % 30 m
(Agilent Technologies Inc., USA). Helium was sup-
plied as the carrier gas at a flow rate of 1 ml/min.
The initial oven temperature was 100 °C, main-
tained for 5 min, raised to 190 °C at 10 °C/min. The
temperature of the injection port was 250 °C. The
injected sample volume for GC analysis was 1 pl
with split ratio 1 : 20. The run time for each sample
was 16 min. A single quadrupole mass spectrome-
ter Agilent, 5973 inert MSD (Agilent Technologies
Inc., USA) was used for detection of SCFAs. Data
handling was carried out with Chem Station Data
Analysis D.01.02.16 software.

The SCFAs were identified on chromatograms
by their specific retention times of standard SCFA
mixture of acetic, propionic, i-butyric, n-butyric,
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n-valeric, i-valeric, n-caproic acids (Sigma-Aldrich,
Germany) under the above GC conditions. To quan-
tify the peak area in terms of concentration, the peak
area was plotted against the peak area and concen-
tration of the internal standard. Absolute quanti-
ties of SCFAs were normalized to sample mass and
were expressed as pmol/g faeces. The anaerobic
index was counted as the proportion the sum of to-
tal propionate and butyrate to acetate concentration
(Al =(C, +C)/C), relative SCFA abundance as pro-
portion of each acid to the sum of total acetate, pro-
pionate and butyrate (C /3(C, + C, + C))).

Data were analyzed with the Statistica 6.0 soft-
ware. Statistical significance was determined by the
Student’s t-test or nonparametric Mann-Whitney
criterion where appropriate. P-values less than 0.05
were considered statistically significant. Data are
presented as mean+SEM.

Results and Discussion

Although antibiotics are effective medications
for the treatment of infections, antibiotic therapy
often has adverse consequences to the host. Con-
sistent with our previous study [20, 21], ceftriaxone
administration leads to profound changes in colonic
microbiota in rats as well as in patients, immediate-
ly and long after antibiotic withdrawal. Moreover,
the disturbance of the surface mucus barrier (le-
vel of glycoproteins) in the rat colon was observed
long after the antibiotic therapy. We revealed also
qualitative changes in the structure of glycan part of
mucins, e.g. a decrease of hexoses and fucose con-
tent and increase of the level of sialation of mucus
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glycoproteins [20]. These changes are typical of in-
flammatory bowel diseases (IBD) [22]. However, the
molecular basis of these alterations is not fully un-
derstood. It is important to find out the mechanisms
by which antibiotic-induced microbial perturbations
induce the disturbance of the intestinal barrier in re-
mote terms after antibiotic therapy. We hypothesized
that these disturbances involve the changes in gut
microbiota metabolic profile.

As hindgut fermenters, rodents and rabbits
comprise either a large cecum or colon, where food
undergoing digestion is retained, mixed and fermen-
ted by microbes [23]. Undigested materials in the
caecum are a potential source for intestinal bacteria
to produce SCFAs. We observed caecal enlargement
after ceftriaxone administration (Fig. 1). Thus one
day after ceftriaxone withdrawal the caecal weight
was 2.9-fold increased (P < 0.05) (Fig. 1, A), in 15
days — 1.5-fold (P < 0.05) (Fig. 1, B). Tulstrup et al.
[24] have shown the increased caecum weight after
amoxicillin and vancomycin administration. The
development of an enlarged caecum is a typical fea-
ture in germ-free rodents [25]. It seems that caecal
enlargement depends on the amount of accumulated
substances that in the conventional animals should
be degraded by microbial fermentation.

Further, we determined how ceftriaxone ad-
ministration influences the fecal SCFAs concentra-
tions. One day after ceftriaxone withdrawal the total
concentration of the fecal SCFAs (X(C,-C,)) was de-
creased 4.8-fold (P < 0.05) (Table).

Concentrations of acetic, propionic and bu-
tyric acids were 2.9-, 13.8- and 8.5-fold decreased
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Fig. 1. Weight of rat caecum in 1 day (A) and 14 days (B) after ceftriaxone withdrawal (300 mg/kg, i.m., 14

days); m £ SEM; n = 12; *P < 0.05 vs. control value
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(P < 0.05), respectively. Concentrations of valeric,
isovaleric and caproic acids were below the detectab-
le level of parameters of chromatographic separation.
These data are consistent with the results of Mei-
jer-Severs et al. [26], in which treatment of healthy
volunteers with ceftriaxone for 5 days resulted in
a significant decrease in the fecal concentration of
SCFAs on the 3 and 5" day. Our previous study [27]
showed that next day after ceftriaxone withdrawal
the composition of colon parietal microbiota was not
significantly changed. Moreover, the number of Pro-
pionibacterium and Bacteroides Were even increased
1.6- and 2.3-fold (P < 0.05), respectively. Thus the
observed changes in fecal SCFAs concentration rep-
resent disturbance of microbiota metabolic activity
rather than its composition. According to the fact
that SCFAs are the main energy substrates for the
enterocytes, SCFAs loss might lead to disturbance of
mucosal cells homeostasis in the rat colon. Moreo-
ver, the disruption of biochemical signaling between
microbiota and host can profoundly affect inflamma-
tory response leading to unresolving inflammation
in the models of colitis, arthritis and asthma [28]. It
should be noted that the decrease of butyrate-pro-
ducing bacteria and SCFAs level detected in feces of
patients with ulcerative colitis, indicated the role of
intestinal dysbiosis and decrease of butyrate during
colitis development [29]. Similar changes were also
observed in patients with nosocomial diarrhea and
Clostridium difficile-associated colitis [30]. A reduc-
tion in fecal butyrate has been found in patients with
colorectal adenocarcinoma [31].

Acetic, propionic and butyric acids are most
important among SCFAs. They are metabolic end
products of proteolytic and saccharolytic microbiota
used for the integrated assessment of its state [32].
We observed the 1.6-fold increased relative amount
of acetic acid and 3.3- and 1.9-fold reduced pro-
portion of propionic and butyric acids respectively
(P < 0.05) one day after ceftriaxone withdrawal
(Fig. 2). That was accompanied by 4.3-fold decrease
of the anaerobic index (Fig. 3). This index reflects
the redox potential of the colon environment (balan-
ce between putatively anti-inflammatory properties
of butyric and propionic acids and proinflammatory
acetic acid) [32]. It was shown that butyrate and pro-
pionate were equipotent at inhibiting the transcrip-
tion of NF-«B and had anti-inflammatory properties,
while acetate revealed a significantly lower efficien-
cy [33]. In addition, propionate and butyrate, but not
acetate, induced intestinal hormone release, that is
an important mechanism for the regulation of host
metabolism by microbiota [34]. Acetate might in-
crease macrophage cells histone acetylation in vitro
by end-product inhibition of histone deacetylases
and activation of histone acetyltransferases. These
changes promote activation of proinflammatory
genes transcription and cytokines synthesis [35].
Thus observed changes may indicate a trend toward
a proinflammatory condition in the colon.

Allowing for the fact that dysbiotic disturbance
of mucosal microbiota were observed for a long time
after ceftriaxone administration [27], we tested how
these changes affect the SCFAs level in rat’s feces.

Concentration of the short-chain fatty acids (SCFAs) in rats in 1 and 56 days after ceftriaxone (300 mg/kg,

i.m., 14 days) withdrawal

Concentration (pmol/g wet faeces)

SCFAs Ceftriaxone, after withdrawal
Control - .

in 1 day \ in 56 days
Acetic 10.98 + 1.82 3.79 £ 1.03* 8.27 £ 0.66"
Propionic 732+ 141 0.53 £0.19* 2.41 £ 0.15%*
Butyric 375+£0.72 0.44 +0.14* 391 £0.15%
Valeric 0.37 £0.11 - 0.27 £0.03
Isovaleric 0.32£0.13 - 0.38 £0.02
Caproic 045 +0.13 - 0.17+0.09
Total 22.65 +3.47 475 + 1.36* 15.14 + 0.95*

* P <0.05 compare to control values; * P < 0.05 compared to values one day after ceftriaxone withdrawal; “—

ER)

acid con-

centration below detectable level of parameters of chromatographic separation.
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Fig. 2. The relative amount of acetic, propionic and butyric acids in 1 day and 56 days after ceftriaxone with-
drawal (300 mg/kg, i.m., 14 days); n = 12; m £ SEM; * P < 0.05 vs. control values; # P < 0.05 vs. 1 day after

ceftriaxone withdrawal

The concentration of fecal SCFAs in rats increased
significantly 56 days after ceftriaxone withdrawal
vs. the values observed one day after ceftriaxone
withdrawal, but did not reach the control values.
Moreover, the concentration of propionic acid was
still significantly lower vs. control (P < 0.05) (Ta-
ble). Interestingly, the amount of butyric acid cor-
responded to control value 56 days after ceftriaxone
withdrawal.

The relative amount of acetic acid was 1.5-
fold decreased (P < 0.05) compared to the values
observed one day after ceftriaxone withdrawal
and corresponded to control values, while relative
amount of propionic acid remained 2-fold reduced
(P < 0.05) vs. control. The relative amount of bu-
tyric acid increased 1.6-fold (P < 0.05) vs. control.
According to similar anti-inflammatory properties
of these acids, an increased level of butyric acid
might occur due to a compensatory metabolic ac-
tivation of butyrate-producing bacteria in response
to a significant reduction in propionate formation.
Propionate and butyrate are produced from hexose
sugars by different microbial species. Only two spe-
cies of Lachnospiraceae (Coprococcus catus and
Roseburia inulinivorans) might switch from butyrate
to propionate production on different substrates [36].
However, these changes do not lead to restoration of
the redox status of colon lumen. The anaerobic index
was 1.3-fold lower (P < 0.05) 56 days after ceftriaxo-
ne withdrawal vs. the control values.

Thus, our results indicate that administration
of ceftriaxone leads to a severe decrease in the total
concentration of the fecal SCFAs in rats immedia-
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Fig. 3. The anaerobic index in 1 day and 56 days
after ceftriaxone withdrawal (300 mg/kg, i.m., 14
days); n = 12, m £ SEM; * P < 0.05 vs. control
values; # P < 0.05 vs. 1 day after ceftriaxone with-
drawal

tely after antibiotic withdrawal. The most signifi-
cant changes were observed in the concentration of
propionic and butyric acids that led to the increase
of relative amount of acetic acid. Reduction in the
anaerobic index may indicate the inhibition of an-
aerobic and activation of conditionally pathogenic
microorganisms after ceftriaxone withdrawal. These
changes are stable over time. Even 56 days after
ceftriaxone withdrawal the concentration of propi-
onic acid and anaerobic index were still reduced sig-
nificantly. Therefore antibiotic therapy leads to the
stable long-term disturbances of colon microbiota
metabolic activity in rats which underlied the patho-
genesis of antibiotic-associated colon homeostasis



Yu. V. Holota, O. O. Holubenko, A. M. Ostapchuk et al.

disorders and might increase susceptibility to IBD
development.
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KopoTtkonanmrorosi xkupHi kucinotu (KJDKK)
€ OCHOBHMMH  TpOIyKTaMu  OakTepiasbHOI
(dbepMeHTallil XapYOBUX BOJIOKOH y TOBCTIH KHIIIII.
HenasHi gocmimkeHHs MOKa3ald, MO i TPOTYKTH
MiKpOOHOTO METa0O0Ii3My B KHIIEYHUKY HIIOTH K
CUTHAJbHI MOJIEKYJIM, BIUIMBAIOTh Ha CHEPreTHY-
HUH roMeocTa3 OpraHizMy XassiiHa Ta BiJirparoThb
TOJIOBHY POJIb B IMYHOJIOTIUHIH BiAMOBimi. Y IIHO-
MY JIOCIIi/I)KEHHI BU3HAYAIIA BIUJTUB HEPTPHAKCOHY
Ha koHnentpauiro ¢pexansHux KJDKK mypis ninii
Bicrap. HedTpuakcon (300 Mr/kr, B/M) BBOAHIIH 1110-
JeHHO BIponoBK 14 ai6. LypiB ymepTBiIsau depe3
1, 15 1 56 xi6 micnst Bigminu nedrpuakcony. Buzna-
YaJu Macy CJINoi KUIIKY Ta KoHneHTpaiiito KJIDKK
¢examniit MmeTogom ra3oBoi xpomarorpadii. Benen-
Hs 1eQTpUaKCOHY IHIYKYBaJO 3aJeXKHE BiJl Yacy
301TBITICHHSI BMICTY CITIITOT KATIIKH Ty PiB Y 3B’I3KY
3 HAKONWYEHHSM HENEePeTPaBJICHUX 3aJIMILKIB.
Uepes | noOy micnst BiAMIHM HEePTPUAKCOHY
KOHIIEHTpAIlisl aleTaTHOi, MPOIiOHOBOI, MacsHOI
KHUCJIOT Ta 3araixbHa KoHneHTpamis KJIDKK 3amxky-
BasachB2,9; 13.8; 8,5; 4,8 paza (P <0,05) BignosigHo.
KonuenTpauist BanepiaHOBOi, i30BasiepiaHoBOI 1
KarpoHOBOI KUCIOTH Oyja HM)KYE PiBHS ACTEKIii.
Lle cympoBomkyBanocs 3HWKEHHSIM y 4,3 pasa
3HAYeHHS aHAepPOOHOro iHAEKCY Ta 30iTBIICHHSIM
BiJIHOCHOTO BMicTy o1ToBOi KucioTu (P < 0,05). Ye-
pe3 56 ni6 konnentpariist KJIDKK Oyna Bce 1ie Hux-
YOI BiJl KOHTPOJIBHUX 3HAYCHb, aJic BHILIOK, HIkK
gepe3 ogHy 100y (3a BHHATKOM ITPOITIOHOBOI KHCITO-
TH). AHaepoOHMit iHAeKkc OyB 3HIKeHUM B 1,3 pasa
(P < 0,05) nopiBHSAHO 3 KOHTposieM. J{iHIIIN BHC-

HOBKY, II0 aHTHOAaKTepiallbHa Tepallisi CIPHIHHIOE
TpUBalle TOPYIIEHHS METa0OJIIYHOI aKTHBHOCTI
MiKpOOIOTH TOBCTOT KHIITKH.

KnaogoBi ciaoBa: anTubioTHKH, HePTpH-
aKCOH, TOBCTa KHIIIKA, KOPOTKOJIAHIIOTOBI XHUPHI
kucnotu (KJIKK).
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KopoTkonenodednsle  KHpPHBIE  KHUCIOTHI
(KIKK) sBISIIOTCS OCHOBHBIMH — ITPOIYKTaMH
OakTepuaNbHON (DepMEHTAINU MHIIEBBIX BOJOKOH
B ToJcTOM Kuiike. HemaBHue wucciemnoBaHus Io-
Ka3aJid, YTO ATU MPOJYKTHl MHKPOOHOTO MeTabo-
JIr3Ma B KHUIICUYHHUKE NEHCTBYIOT KaK CHUTHAJBHEIC
MOJIEKYJTBI, BIUSIOT Ha YHEPTeTHIECKU TOMEOoCcTas3
Opranmn3Ma XO03SWHa W UTPAIOT TIaBHYI0 WMMYHO-
JIOTUYECKYIO poiib. B naHHOM HcclieqoBaHuu ompe-
JICJISUTA BIIASTHUE [Ie()TPUAKCOHA Ha KOHIICHTPAIIMIO
¢dexanpabix KKK kpeic nunun Bucrap. Ledrpu-
akcoH (300 Mr/kr, B/M) BBOJMJIN €KEIHEBHO B TeUe-
Hue 14 cyrok. Kpeic ymepTsisiau yepes 1, 15 u 56
CYTOK TIOCIIe OTMEHBI e TprakcoHa. Onpenensiin
maccy cienod kumku u koHuentpanuioo KIDKK
B (ekanusix METOJOM TIa30BOH Xpomarorpaduu.
Beenenue e TprakcoHa BbI3BIBAIO 3aBUCSILIEE OT
BPEMEHHU yBEITNUCHNE MACCHI CIICTION KHUIITKH KPBIC
B CBS3W C HAKOIUIEHWEM HeTepeBapeHHBIX OCTAaT-
koB. Uepes 1 cyTku mocie oTMeHbI HedTpHaKkcoHa
KOHILICHTPALIUS YKCYCHOM, TPOMUOHOBOM, MaCISIHOM
kucyoT u oouias kounentpanus KIDKK canxanacek
B 2,9; 13,8; 8,5; 4,8 paza (P < 0,05) cooTBETCTBEH-
Ho. KoHIeHTparusi BaJepuaHOBOH, H30BaJCpHa-
HOBOHM M KallpOHOBOW KHCJIOT OblJIa HM)KE YPOBHS
JNETEKIUU. DTO COMPOBOXKIATIOCH CHUKCHHUEM B
4,3 pa3a 3Ha4YCHUS aHA’POOHOTO MHJEKCA U yBEIH-
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YEeHHEM OTHOCHUTEIBHOI'O COJEp/KaHUsI YKCYCHOM
kucnoTsl (P < 0,05). Uepes 56 cyTOK KOHIICHT paIius
KIKK Oputa Bee emre HUXKE KOHTPOJBHBIX 3HAYe-
HUH, HO BBILIE, 4eM uepe3 | cyTKH (32 UCKITIOUEHH-
€M IIPOMHUOHOBON KHCIOTHI). AHa’POOHBIN WHIEKC
ObL1 cHIDKEH B 1,3 pasza (P < 0,05) mo cpaBHEHUIO
¢ xoHTpoJneM. CrienaH BBIBOJ O TOM, YTO aHTHOAK-
TepHaJbHasl Teparnus BBI3BIBAET JIINTEIBHOE Hapy-
[ICHNE METa0OINYECKONH aKTHBHOCTH MHKPOOHOTHI
TOJICTOM KUIIKHU.

KnrmoueBbie cnoBa: aHTHOMOTHKH, 1ed-
TPUAKCOH, TOJICTAsl KHUIIKA, KOPOTKOIICTIOUCUHBIC
xupHble kuciaoTsl (KIPKK).
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