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Introduction: The molecular mechanism of idiopathic antibiotic-associated diarrhea is 
not clear. Сeftriaxone, a third-generation cephalosporin, is a broad-spectrum antibiotic 
and diarrhea is the main side-effect of ceftriaxone treatment. The present study tested 
the hypothesis that ceftriaxone-induced diarrhea is associated with a shift in microbiota 
composition followed by the alteration in colonic water/ion transport, the expression pattern 
of transporters and epithelial barrier function.
Methods: Male Wistar rats were treated daily with ceftriaxone (50 mg/kg, i.m.) for 5 or 14 
days. Epithelial net water and ion transport (Na+, K+, Cl-) were evaluated on the 6th or 15th 
day respectively by isolated colonic loop perfusion technique in vivo. Gene expression by 
RT-PCR, glycoproteins levels by PAS-staining, and microbiota by culture method on the 
elective medium were evaluated. 
Results: Decreases in Na+ and water absorption, surface mucus layer, and Scnn1b and 
Aqp8 gene expression were associated with more severe diarrhea after 5 days-antibiotic 
treatment. After 14-days of antibiotic treatment, fewer animals with diarrhea were observed. 
At the same time, there was a decrease of Cl- and an increase in Na+ absorption, along 
with increased mucus secretion and upregulation of Cftr, Scnn1b, Slc9a3, Muc2, Ocln, 
and Tjp1 gene expression. These changes were accompanied by an increase in the number 
of culturable conditionally pathogenic microbiota after 5 days of treatment which almost 
returned to the control value after 14 days of treatment.
Conclusion: We concluded that the observed transitory antibiotic-associated diarrhea was a 
well-orchestrated physiological defense response at the molecular level driven by the shift 
in normal microbiota composition.
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Diarrhea is the most common side effect of broad-spec-
trum antibiotic treatment, which occurs in 5 to 62% 
of cases and is called antibiotic-associated diarrhea 

(AAD). AAD may develop at any time point from the 
initiation of therapy up to two months after the end of 
the treatment. Most cases of AAD can be classified into 
two categories: 1) Clostridium difficile (C. difficile) - in-
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duced diarrhea; 2) idiopathic diarrhea whereby no infec-
tion agent is recognized. C. difficile colonic overgrowth 
and its subsequent toxin production are responsible for 
only 2-25% of AAD cases, the rest of the cases have 
idiopathic etiology (Benjamin et al, 2018, Nelson et al, 
2011). Hove et al. (1996) found that only 2 out of 13 
patients with AAD were culture-positive for C. difficile 
during antibiotic therapy. After cessation of antibiotic 
therapy, none of the patients had diarrhea even though 6 
patients were C. difficile positive. 

The mammalian colonic epithelium is a typical elec-
trolyte-transporting system, that can efficiently transport 
significant amounts of salt and water from a mucosal 
toward the serosal side or vice versa. Colonic epithelium 
transport is characterized by a net absorption of NaCl, 
short-chain fatty acids (SCFA), and water, allowing the 
extrusion of feces with minimal water and salt content 
(K+, Cl-, HCO3

-) (Kunzelmann, 2002, Kiela et al, 2009). 
The absorptive capacity of the colonic mucosa is de-
pendent on the activity and several transporters, such as 
water channel (mostly Aqp8), electroneutral Na+/H+-ex-
changer (Slc9a3), electrogenic Na+ channel (Scnn1b), 
electrogenic Cl- channel cystic fibrosis transmembrane 
conductance regulator (Cftr), Cl- channel down-regu-
lated in adenoma (DRA), Na+/HCO3

-, HCO3
-/SCFA ex-

changer and others (Kunzelmann,2002). 
Scanty data on the effects of antibiotics on intestinal 

epithelium water and ion transport (Giannella et al, 1981, 
Roberts et al, 1991, Goldhill et al, 1996) support the idea 
of their involvement in AAD pathogenesis. All previous 
studies have examined changes in water and ion trans-
port following direct exposure to antibiotics such as in-
traluminal perfusion (Giannella et al, 1981), cell culture 
incubation (Goldhill, 1996) or bath perfusion (Roberts 
et al, 1991)). They did not take into account the possible 
effect of altered microbiota composition and its meta-
bolic activity on colonic net absorption as a mechanism 
of AAD, despite the fact that non-pathogenic bacteria 
can directly affect the secretory and absorptive function 
of the gut epithelium (Lomasney et al, 2013). The mo-
lecular mechanism underlying the disturbed function of 
the colonic epithelium during AAD is also unclear.

The third-generation cephalosporin ceftriaxone is a 
broad-spectrum antibiotic used as the first-line medi-
cation for the treatment of lower airway infections, in-
tra-hospital and post-surgical perturbations (Durham et 
al, 2017). Hypersensitivity reactions and gastrointestinal 

disorders such as diarrhea are the main side effects as-
sociated with ceftriaxone treatment (Holota et al, 2019, 
Neuman et al, 2014, Thomson et al, 2017). The pres-
ent study was designed to test the hypothesis that cef-
triaxone-induced diarrhea is associated with a shift in 
the microbiota composition which subsequently affects 
colonic water/ion transport, the expression pattern of 
transporters (Cftr, Aqp8, Scnn1b, and Slc9a3), and epi-
thelial barrier function. The study was conducted in vivo 
on Wistar rats, treated with ceftriaxone for either 5 or 14 
days to reproduce the clinical treatment protocol. 

Material and Methods
Experimental animals
Male Wistar rats (180-230 g) were bred and housed in 

the conventional animal facility of the ESC “Institute of 
Biology and Medicine” at Taras Shevchenko National 
University of Kyiv (Kyiv, Ukraine) under standard envi-
ronmental conditions (12-h light/dark cycle at a constant 
temperature of 22°C). Throughout the study, all animals 
had unlimited access to animal chow and tap water. To 
ensure standardized gut microbiota, rats from all groups 
were housed in the same room and cared for by the same 
personnel. 

The experiments were conducted under the ethical 
principles described in “Guide for the Care and Use 
of Laboratory Animals” (National Research Council, 
2011). The study underwent review and received ap-
proval from the animal committee of the ESC “Institute 
of Biology and Medicine” at Taras Shevchenko Nation-
al University of Kyiv (Protocol # 8, on November 2, 
2015).

Antibiotic treatment protocol and experiment design
Rats were randomly divided into control and ceftriax-

one-treated groups. Ceftriaxone 1g powder for solution 
for injection (Arterium, Ukraine) was dissolved in ster-
ile water immediately before injection and administered 
intramuscularly once a day at a dose of 50 mg/kg for 5 
(n=14) or 14 (n=12) consecutive days. Control rats re-
cieved daily treatment with 100 µl of sterile water for 
either 5 days (n=19) or 14 days (n=12). 

Animals were weighed immediately before the wa-
ter or ceftriaxone treatment and the following day after 
treatment cessation. Diarrhea was assessed daily based 
on the consistency of feces, and Animals were classified 
as either positive or negative for diarrhea signs. 
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Effects of ceftriaxone treatment were evaluated on the 
day after treatment cessation. a subset of treated rats (7 
rats per group) was assigned for measurements of co-
lonic net water and electrolyte transport using the isolat-
ed colonic loop perfusion technique. All other animals 
were euthanized by CO2 inhalation followed by cervical 
dislocation according to the guidelines of the Institu-
tional Animal Care and Use Committee. During autop-
sy, stool samples were collected in sterile microtubes 
for detection of C. difficile toxins A and B as well as in 
sterile saline for bacteriological examination. The entire 
colon was removed, cut along the anti-mesenteric side, 
rinsed thoroughly in cold PBS, and gently wiped with a 
paper towel. A 1 cm section of the distal colon was cut 
and used for the mucus secretion assay. The remaining 
colon was flattened with the mucosa facing upward on 
ice. The mucosa was gently scraped from the muscular 
layer using a metal spatula and immediately frozen in 
liquid nitrogen for gene expression. 

Processing of fecal specimens for microbiological 
analysis 

During the autopsy fecal materials (1 g) were sampled 
from at least 5 rats per group and immediately dispersed 
in 9 ml of sterile saline solution (0.5% NaCl). Serial 
dilutions (10-1, 10-3, 10-5, 10-7, 10-8) were prepared for 
each sample. to detect aerobic microbiota (Escherich-
ia coli, Staphylococcus spp, conditionally pathogenic 
Enterobacteriaceae: Citrobacter spp, Klebsiella spp, 
Proteus spp), 100 µl aliquots from each dilution were 
plated onto selective solid media (HiMedia Laboratories 
Pvt. Ltd) and incubated for 12-24 hours at 37°C. For an-
aerobic bacteria for the detection of Bifidobacteria spp., 
Lactobacillus spp., Propionibacteria spp., Clostridium 
spp, 1 ml aliquots from each dilution were inoculated 
in tubes containing 9 ml of selective anaerobically ster-
ilized media (HiMedia Laboratories Pvt. Ltd) and incu-
bated for 24-72 h at 37°C under anaerobic conditions in 
a 5% CO2 incubator. 

Bifidobacterium was determined on Bifidobacterium 
Agar (HiMedia, India); creamy white colonies obtained 
after 48 h of anaerobic incubation at 37°C were consid-
ered. Randomly picked-off colonies were Gram-stained. 
All Gram-positive pleomorphic non-performing rods 
were tentatively identified as Bifidobacterium. To iso-
late representatives of the genus Lactobacillus, 1 ml 
of 10-fold dilutions of feces was inoculated into MRS 

Agar (HiMedia, India) with the addition of chalk, and 
cultivated under anaerobic conditions for 48 hours. This 
was followed by microscopy of lenticular, triangular, 
cotton-like colonies that formed a chalk-dissolving zone 
around the colony. Lactobacillus included Gram-posi-
tive, non-spore-forming, catalase-negative bacilli. Iron 
Sulphite Agar (HiMedia, India) was applied for Clos-
tridia. Black colonies obtained after 48 h of anaerobic 
incubation at 55°C were considered Clostridium. 

Staphylococcus was cultured on Mannitol Salt agar 
(HiMedia, India). Both mannitol-positive (subsequent-
ly called Staphylococcus aureus) and negative (subse-
quently called Staphylococcus spp.) colonies observed 
after 2 days of incubation at 37°C in ambient air were 
counted. Simmons Citrate Agar (HiMedia, India) was 
used to differentiate members of the Enterobacteriaceae 
based on their utilization of citrate as the sole carbon 
source. Colonies that changed the color of the pH in-
dicator in the media from green to blue were consid-
ered and subsequently called conditionally pathogenic 
enterobacteria. A presumptive test for members of the 
coliform group was performed on Endo Agar (HiMe-
dia, India). After incubation at 37C for 24 hours of cul-
tivation, dark crimson colonies (lactose-fermenting E. 
coli strains) and light pink (lactose-non-fermenting E. 
coli strains) were considered. The second test medium 
was Triple Sugar Iron Agar (TSI, HiMedia, India). Both 
lactose-positive and lactose-negative colonies from the 
Endo Agar were transferred on the TSI. Lactose-posi-
tive, gas-forming, H2S-negative colonies were consid-
ered Escherichia coli with normal enzymatic properties 
(subsequently called E. coli lactose “+”). Lactose-nega-
tive, gas-forming, H2S-negative colonies were consid-
ered Escherichia coli with altered enzymatic properties 
(subsequently called E. coli lactose “-”). Simultaneous-
ly, the pink colonies without metallic sheen were sub-
cultured onto Simons medium. Colonies that grew on 
this medium and changed the color of the medium from 
green to blue were attributed to opportunistic Entero-
bacteria. If no growth was observed during reseeding, 
it was classified as lactose-negative E. coli. Hemolytic 
bacteria counts were obtained after incubation at 37°C 
on Blood Agar Base (HiMedia, India) supplemented 
with 5% w/v sterile defibrinated sheep blood (Hemostat 
Laboratories, USA). 

Following incubation, different colony types were 
counted, isolated in pure culture, and identified at the 
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genus level. All isolates were analyzed based on Gram-
stain appearance and colony morphology followed by 
routine biochemical tests. Colony forming units (CFU) 
were counted and log CFU/g of feces was calculated. 

Immunochromatographic assay of Clostridium diffi-
cile toxins A and B in feces 

C. difficile toxins A and B were detected in rats’ feces 
by Duo toxin A+B check-1 (VEDALAB, France) ac-
cording to the manufacturer’s protocol. The Duo Toxin 
A+B-Check-1 is a lateral flow immunochromatographic 
rapid test designed for the qualitative detection of C. dif-
ficile Toxin A and Toxin B. 

Perfusion techniques 
The rates of the net fluid and electrolyte movement 

were measured by perfusion an isolated colonic loop in 
vivo (Sladen, 1972, Schedl, 1966). After an overnight 
fasting, the animals were anesthetized by urethane (110 
mg/100 g, i.p.; Sigma, Aldrich). A tracheotomy was 
performed immediately after anesthetization to prevent 
respiratory insufficiency caused by glottic edema. The 
colonic loop was prepared and perfused using a mod-
ified version of previously described methods (Sladen, 
1972, Schedl, 1966).

The abdomen was opened along the midline. A 15-
cm segment of the colon was gently pulled out from the 
abdominal cavity and cannulated with a polyethylene 
tube about 0.5 cm below the cecum where it was se-
cured with a nylon ligature. The distal colon (2 cm from 
the anus) was ligated before the colonic loop was filled 
with prewarmed saline at 37°C. The distal colon was 
then incised, and another polyethylene tube was insert-
ed and sutured in place to collect the aspirated perfuse 
solution. The resulting closed colonic loop (perfused 
length 8-7 cm) was perfused with prewarmed modified 
Krebs-Henseleit solution (mM per L: NaCl – 117; KCl 
– 5.9; NaHCO3 – 24.8; NaH2PO4 – 1.2; MgCl2 – 1.2; 
CaCl2 – 2.5; glucose – 5.5; T 37°С; рН 7.3-7.4) contain-
ing unabsorbed marker phenol red (20 mg/l). The perfu-
sion was carried out using a perfusion pump (Gilson ® 
Minipuls 3, France) at a rate of 0.2 ml/min.

After a 60 min stabilization period, the perfusate was 
collected for each subsequent 20 min period of perfu-
sion, with a total perfusion time of 180 min. The data 
obtained for each 20-min period were then averaged and 
expressed as the Mean/min. The rectal temperature was 

kept at 37˚C by appropriately positioned table lamps. At 
the end of the experiment, the animal was euthanaized 
by an overdose of anesthetic and the colon segment was 
immediately excised, opened longitudinally, and gently 
wiped with filter paper. After that, it was dried out for 20 
h at a tempreture of 60°C to obtain its dry weight. 

Measurement of water and electrolyte net transport 
rates

The rate of the net water transport was estimated by 
measuring the level of the unabsorbed marker phenol 
red in the fluid effluent by spectrophotometry (Schedl, 
1966). CPRF/CPRE (CPRF represents the phenol red 
concentration in the perfusion solution; while CPRE 
represents the phenol red concentration in the effluent 
solution) was calculated based on the phenol red absor-
bencies measured at 520, 560, and 600 nm using the fol-
lowing formula: corrected absorbency. 

This corrects the linear background absorbencies in 
this region of the spectrum. Concentrations of Na+ and 
K+ were determined by flaming spectrophotometry and 
the concentration of Cl- was measured using a chlorid-
ometer. These indices were then calculated by formulas 
(Sladen, 1972, Schedl, 1966).

Water net transport (Jnet water) was calculated as µL/
g×min:

Jnet water = [F×(1 – CPRF/CPRE)]/W, 
where F – flow velocity in ml/min; CPRF – phenol red 

concentration in the perfusion solution; CPRE – phenol 
red concentration in the effluent solution, and W – the 
dry weight of the intestinal segment in grams. Positive 
results indicate net absorption, and negative results indi-
cate net secretion into the lumen.

Ions net transport (Jnet ion) was calculated as µM/
g×min:

Jnet ion=F×(Cion F – CionE)×(CPRF/CPRE) / W , 
where F – flow velocity in ml/min; CionF – ion con-

centration in perfusion solution; CionA – the ion con-
centration in the effluent solution; CPRF – the phenol 
red concentration in the perfusion solution; CPRE – the 
phenol red concentration in the effluent solution, and W 
– the dry weight of the intestinal segment under con-
sideration. Positive results indicate net absorption and 
negative results indicate net secretion into the lumen.
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Semi-quantitative RT-PCR analysis 
The total RNA was isolated from frozen colonic tissue 

by the phenolic method described by Chomczynski and 
Sacchi (Chomczynski et al, 2006). For cDNA synthe-
sis, a 20 μl reaction mix was prepared containing 2 μg 
of RNA, 1 mM dNTP, 200 U of reverse transcriptase 
“Thermo Scientific RevertAid Reverse Transcriptase”, 
the corresponding buffer, 20 U of ribonuclease inhibitor 
“Thermo Scientific RiboLock RNase Inhibitor” (“Ther-
mo Scientific”, Lithuania), and 20 pmol (1,0 µM) of the 
reverse primer. The synthesis was carried out under the 
following conditions: 65° С – 5 min, 45° С – 1 hour. 
Polymerase chain reaction was performed in a 30 μl of 
reaction mix consisting of 20 ng of cDNA, PCR buffer, 
200 μM of each dNTP, 30 pmol (1,0 µM) of each prim-
er, 2,5 mM of MgCl2 and 1 U of Taq DNA polymerase 
(“Taq DNA Polymerase (recombinant)”, “Thermo Sci-
entific”, Lithuania). The primer sequences for the de-
tected genes and the specific PCR amplification protocol 
are summarized in Table 1.

The reproducibility of the amplification results was 

evaluated in parallel experiments by repeating the PCR 
reactions with all animals and each primer at least three 
times. Separation of PCR products was performed elec-
trophoretically on a 1.6% agarose gel with 0.5x TВЕ 
buffer, following the protocol by Sambrook et al. (Sam-
brook et al, 2006). For semi-quantitative analysis of am-
plicon expression based on densitometry, ImageJ 1.45s 
program was used. Indices of gene expression were cal-
culated for each sample following the method by Kon-
turek et al. (Konturek et al, 1998).

Measurement of colonic mucus secretion by detection 
of mucus glycoprotein 

Since adherent mucus gel represents a substantial part 
of secreted mucin, to separate adherent mucus gel, 1 cm 
of the distal colon (3 cm from the anus edge) was in-
cubated with 2 ml 6N N-acetyl-l-cysteine with constant 
shaking for 3 min. After that, the contents were centri-
fuged for 5 min at 3000 rpm (T=4°C) and 1 ml of the su-
pernatant was discarded. The remaining contents were 
re-suspended, and 500 µl of the solution was transferred 

TABLE 1: TABLE 1: The primers sequences and protocol of PCR amplification for detected genes

Gene Primers sequence (5′–3′)
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Cftr (f) ACTCTTCTTCAGCTGGACCACACCA 
(r) AAAGCATCGCCGGAGGGCGT

95 ºС, 
1 min

53ºС, 
45 s

72 ºС, 
1 min 
15 s

35 190

Aqp8 (f) CAGATATGTCTGGGGAGCAGACGC 
(r) CTGCCAGCAGTTCTTCACCTCGAC

95 ºС, 
1 min

54ºС, 1 
min

72 ºС, 
1 min 
30 s

35 110

Scnn1b (f) ATTCCAGCCCCTTCCAGTAC
(r) GGGTACTGGTGGTGTTGGT

95 ºС, 
1 min

54ºС, 
40 s

72 ºС, 
1 min 30 123

Slc9a3 (f) CCTGATGGGCGAACTGAAGA
(r) GCAGTGACTCCCCAAAAACA

95 ºС, 
1 min

52ºС, 
45 s

72 ºС, 
1 min 
15 s

35 149

Muc2 (f) CAGAGTGCATCAGTGGCT
(r) CCCGTCGAAGGTGATGTA

95 ºС, 
1 min

50ºС, 
45 s

72 ºС, 
1 min 
15 s

35 265

Ocln (f)TCTTTGTATAAGTCACCGCCT (r)GTTTCATAGTGT-
GTCTGGGTCTG

95 ºС, 
1 min

50ºС, 
45 s

72 ºС,
1 min 15 s 35 185

Tjp1 (f)CCATCTTTGGACCGATTGCTG (r)TAATGCT-
CCGAGCTCCGATG

95 ºС, 
1 min

49ºС, 
45 s

72 ºС, 
1 min 
15 s

35 123

Actb (f) TGGGACGATATGGAGAAGAT
(r) ATTGCCGATAGTGATGACCT

95 ºС, 1 
min

49º С, 
40 s

72 ºС, 
1 min 28 521
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into new tubes and frozen at -20°C. Mucus glycoprotein 
levels were measured using periodic acid solution (PAS) 
staining of polyvinylidene difluoride (PVDF) mem-
branes, as described by Akiba et al. (Akiba et al, 2000). 
Ten microliters of the resuspended sample solution were 
blotted on PVDF membrane (Hybond-P, Amersham In-
ternational, Little Chalfont, UK) and placed on wet filter 
paper for 10-15 min until the sample was fully absorbed. 
The membrane was briefly rinsed in distilled water for 2 
min following incubation in 0.5% KOH in 70% ethanol 
for 10 min and rinsed again in dH2O. Subsequently, the 
membrane was exposed to 0.5% PAS for 10 min, rinsed 
with distilled water, and exposed to Schiff’s reagent 
(basic Fuchsin 1 g, 20 ml 1N HCl, 1 g NaS2O5, dH2O 
200 ml) for 15-30 min with constant shaking. This was 
followed by two 3-min exposures to 0.6% sodium met-
abisulfite and rinsing in distilled water for 3 min. After 
the final distilled water rinse, the membrane was dried in 
open air (for about 10 min) and its density was digitized 
using a scanner (Samsung SCX-4x21). Image analysis 
was performed by measuring of dot-blot density with 
the image-processing software Sigma Plot.

Data analysis and statistics
Data are presented as mean±standard deviation (SD). 

The homogeneity of variance was assessed using the 
Levene test. Statistical analysis of the data was per-
formed using Kruskal-Wallis test or one-way analysis 
of variance (ANOVA) with the Tukey post hoc test. 
The difference was considered statistically significant 
at P<0.05. GraphPad Prism 8.0.2 (GraphPad Software 
Inc., San Diego, CA, United States) was used for creat-
ing graphs.

The Student’s t-test has been used to detect reliable 
differences between two samples and assess their nor-
mal distribution. In the case of non-normal distribution, 
we used the Mann-Whitney Test.

Results 
Signs of diarrhea in ceftriaxone-treated rats 
Ceftriaxone treatment increased the number of ani-

mals with diarrhea from 6% on the 2nd day to 12% on the 
6th day of ceftriaxone administration. Over the course of 
10 days, we observed a decreased number of animals 
with diarrhea, ranging from 13% to 6-7% of cases (Fig. 

FIGURE 1.FIGURE 1. Ceftriaxone treatment 
(50 mg/kg, i.m.) for 5 or 14 days 
induced changes in water and ion 
transport in rat’s colon. The per-
centage of rats with diarrhea during 
the ceftriaxone treatment (n=26) 
and in the control group (n=31) 
(A). The levels of colonic net wa-
ter, Na+, K+, and Cl- transport after 
5 days (B) and 14 days (C) of cef-
triaxone treatment in rats (n=7 per 
group). Rates of net fluid and elec-
trolytes’ movement were measured 
by perfusion of an isolated colonic 
loop in vivo. M±SD; * - P<0.05; 
** - P<0.01; *** - P<0.001 vs con-
trol values.
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1A). 

Quantitative changes in fecal culturable aerobic and 
anaerobic microbiota following 5 and 14 days of ceftri-
axone treatment 

As shown in Table 2, ceftriaxone treatment for 5 days 
was associated with a decreased number of anaerobic 
Lactobacillus, Bifidobacterium, and Propionibacte-
rium by ca. 1 log CFU/g of feces. The same level of 
changes was observed after 14 days of ceftriaxone treat-
ment. These alterations were within the range of nor-
mal variations and not statistically significant. Counts of 
Clostridium spp. increased by ca. 2 log CFU/g of feces 
(P<0.05). C. difficile toxins A and B were not detected 
in rats’ feces after 5 days of treatment. After 14 days, the 
number of Clostridium spp. was still increased and fecal 
samples from 25% of rats (1 out of 4) were C. difficile 
toxins A and B positive. 

Counts of aerobic bacteria were different after 5 and 
14 days of ceftriaxone treatment. The mean numbers 
of conditionally pathogenic Enterobacteriaceae (Cit-
robacter spp, Klebsiella spp., Proteus spp.) increased 
by ca. 2 log CFU/g of feces (P<0.05) after 5 days of 
ceftriaxone administration and decreased by ca. 2 log 
CFU/g of faeces (P<0.05) after 14 days of ceftriaxone 
treatment. The same pattern was observed for Staphy-
lococcus aureus. Mean counts of Staphylococcus au-
reus decreased after both 5 and 14 days of ceftriaxone 
treatment, but these alterations were within the range of 

normal variations and not statistically significant. After 
both 5 and 14 days of ceftriaxone treatment, the total 
number of E.coli was decreased by ca. 1.5 and 3.5 log 
CFU/g of feces, respectively (P<0.05). This reduction 
was associated with reduced mean counts of lactose (+) 
E.coli by ca. 2.5 log CFU/g of feces (P<0.05).

Colonic net water and electrolytes (Na+, K+, Cl-) 
transport after 5 and 14 days of ceftriaxone treatment 

Ceftriaxone treatment for 5 days decreased net wa-
ter absorption by 47.5 % (P<0.001), Na+ absorption 
by 28.8% (P<0.01), and net K+ secretion by 25.4% 
(P<0.001). Net Cl- absorption did not change (Fig. 1B). 

Increasing the duration of ceftriaxone treatment for up 
to 14 days has led to a decrease in net water absorp-
tion by 38.8% (P<0.001) and K+ secretion by 34.7% 
(P<0.001) (Fig. 1C). In contrast to the 5-day treatment, 
ceftriaxone treatment for 14 days induced up-regulation 
of net Na+ absorption by 27.5% (P<0.01) but down-reg-
ulation of net Cl- absorption (27.5%; P<0.01) (Fig. 1C).

Levels of Aqp8, Slc9a3, Scnn1b, and Cftr genes ex-
pression in rat colon after 5 and 14 days of ceftriaxone 
treatment 

Expression of water channel Aqp8 gene was decreased 
by 1.3-fold (P<0.05) after 5 days of ceftriaxone treat-
ment and returned to the baseline level after 14-days of 
treatment (Fig. 2A). Expression of Cftr chloride channel 
gene was increased by 1.4-fold (P<0.001) and 1.9-fold 

TABLE 2: TABLE 2: The counts (lg CFU/ g feces) of fecal microorganisms after 5 or 14 days of daily ceftriaxone treatment (50 mg/kg, i.m.) in rats

Group of microorganisms

lg CFU/g feces

5 days 14 days

Control Ceftriaxone Control Ceftriaxone

Bifidobacterium 8,7 + 0,3 7,7 + 0,8 9,1+0,3 8,1+0,1

Lactobacillus 6,3 + 0,4 5,0 + 1,5 7,2+0,4 6,0+0,9

Propionibacterium spp 8,2 + 0,9 7,1 + 0,3 9,2+0,1 7,3+1

Escherichia coli lactose-fermenting 4,5 + 0,5 2,1 + 1,6* 4,5 + 0,5 2,1 + 1,6*

Escherichia coli lactose non-fermenting 4,7 + 0,3 5,5 + 0,4 3,4_0,3 2,1+1,5

Citrate-fermenting conditionally pathogenic Enterobacteria 2,0 + 0,2 4,0 + 1,0* 3,2+0,3 0,2+0,1*

Staphylococcus aureus 3,5 + 1,2 5,0 + 0,8* 3,5+0,8 1,8+0,7*

Staphylococcus spp. 4,5 + 0,8 3,1 + 1,2 2,5+0,8 0*

Clostridium spp. 1,8 + 0,6 4,1 + 1,0* 3,1+0,5 4,1+0,5

* - P<0.05 vs control. 
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(P<0.001) after 5 and 14 days of ceftriaxone treatment, 
respectively (Fig. 2B). Expression of the voltage-depen-
dent sodium channel gene (Scnn1b) was decreased by 
1.4-fold (P<0.05) after 5 days of ceftriaxone treatment, 
but increased 1.6-fold (P<0.001) after 14 days of ceftri-
axone treatment, respectively (Fig. 2C). Expression of 
sodium–hydrogen exchanger 3 gene (Slc9a3) was not 
changed after 5 days of ceftriaxone treatment and in-
creased by 2.4-fold (P<0.001) after 14 days of treatment 
compared to water treated rats (Fig. 2D). 

Epithelial barrier function after 5 and 14 days of cef-

triaxone treatment
Ceftriaxone treatment for 5 days was associated with 

a 3.1-fold (P<0.01) decrease in surface colonic mucus 
level. In contrast, after 14 days of ceftriaxone treatment, 
we observed an opposite 3-fold increase in surface co-
lonic mucus level (P<0.05 vs. water treated-rats) (Fig. 
3A). The gene level of Muc2 mucin was slightly in-
creased by 1.3-fold (P<0.05) after 14 days of ceftriax-
one treatment compared to water treated-rats (Fig. 3B). 
The expression levels of tight junction genes Tjp1 and 
Ocln were increased by 3.6- and 2.5-fold (P<0.05 vs. 
water treated-rats), respectively, after 14 days of ceftri-

FIGURE 2.FIGURE 2. Ceftriaxone administration (50 mg/kg, i.m.) for 5 or 14 days altered the gene expression of water and electrolyte transporters in the 
rat colon. Representative electropherogram and relative gene expression histogram (M±SD) of water channel Aqp8 gene (A), the electrogenic 
Cl- channel cystic fibrosis transmembrane conductance regulator (Cftr) gene (B), the voltage-dependent Na+ channels (Scnn1b) gene (C) and 
the electroneutral Na+/H+-exchanger 3 (Slc9a3) gene (D) in rat colonic epithelium. The gene expression was examined by semi-quantitative RT-
PCR analysis (n=5 per group). М – molecular mass marker – “GeneRulerTM 100bp DNA Ladder” (“Fermentas”, Lithuania); N-PCR – negative 
PCR control; * - P<0.05; *** - P <0.001 vs control values.
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axone treatment (Fig. 3C, D).

Discussion
AAD is a common side effect of cephalosporin antibi-

otics therapy. The mechanism of cephalosporin-induced 
diarrhea may have idiopathic as well as C. difficile etiol-
ogy (Durham e al, 2017). We showed that after 5 or 14 
days of ceftriaxone administration diarrhea developed in 
13% or 6% of animals respectively. While there were no 
C. difficile toxins A and B positive rats after 5 days of 
ceftriaxone administration, 25% of animals were posi-
tive after 14 days. In a clinical study on patients who re-

ceived oral bowel biota suppression therapy for 12 days 
(cefuroxime, bramycin, nystatin three times daily) diar-
rhea developed in 87% (13 of 15) of the patients. Only 
2 patients were culture-positive for C. difficile during 
therapy, whereas 6 out of 15 patients (45%) became C. 
difficile cytotoxin-positive after cessation of suppression 
therapy at a time when none had diarrhea. Moreover, 
diarrhea was self-limiting despite continued antibiotic 
treatment (Hove et al, 1996). These findings, along with 
our experimental data, support the idea that cytotoxic 
effects of C. difficile overgrowth are a less common eti-
ologic factor of AAD development. 

FIGURE 3.FIGURE 3. Ceftriaxone treatment (50 mg/kg, i.m.) for 5 or 14 days compromised epithelial barrier function in rat’s colon. The glycoprotein 
content in the rat colon surface mucus after 5 (n=5) and 14 (n=5) days of ceftriaxone treatment vs the control group (n=5). Schiff reaction meth-
od on PVDF-membrane (A). Electropherogram and relative gene expression histogram (M±SD) of Muc2 mucin gene (B), tight junction protein 
1 (Tjp1) gene (C), and Ocln occludin gene (D) expression in rat colonic epithelium. The gene expression was examined by semi-quantitative 
RT-PCR analysis. М – molecular mass marker – “GeneRulerTM 100bp DNA Ladder” (“Fermentas”, Lithuania); N-PCR – negative PCR control; 
** - P<0.01; *** - P <0.001 vs control values.



Despite the fact that increased intraluminal osmolali-
ty, active secretion, exudation, and altered motility can 
all drive diarrhea, disturbance in colonic ion transport is 
a more common factor. (Hoque et al 2012). Water ab-
sorption occurs in the colon passively through the inter-
cellular pathways driven by ion concentration gradients 
and facilitated diffusion through specialized cellular 
channels called aquaporins (e.g. Aqp8). There are two 
pathways for electrolyte absorption through the colonic 
epithelium: electroneutral (mainly through Na+/H+ ex-
changers for Na+ and Cl-/HCO-

3 for Cl-) and electrogenic 
(through the Scnn1b). Electrogenic Cl- secretion via the 
Cftr channel is one of the main driving forces of secre-
tory diarrhea (Kunzelmann et al, 2002).

Early studies reported on the direct effect of antibi-
otics on fluid transport through the intestinal epitheli-
um (Giannella et al, 1981, Roberts et al, 1991, Gold-
hill et al, 1996). In our study, we used the parenteral 
route of antibiotic administration which eliminates any 
direct effect of antibiotics on epithelial cells. Despite 
this, we observed significant changes in water and ion 
(Na+, Cl-, and K+) transport via rat colonic epithelium 
in vivo. There were pro-secretory changes in the colon 
after 5 days of ceftriaxone treatment, which was asso-
ciated with the down-regulation of Scnn1b expression 
and increased Cftr expression. Moreover, the expression 
of Aqp8 was also decreased. Decreased Aqp8 has been 
described in the pathogenesis of diarrhea-predominant 
irritable bowel syndrome (Camilleri et al, 2019) and 
inflammation-associated diarrhea (Sakai et al, 2014). 
Pro-inflammatory changes in the intestinal mucosa with 
subsequent recruitment of neutrophils and pro-oxidant 
responses are key points in protecting against intestinal 
infection and preventing fatal dehydration (Ghosh et al 
2011). In our previous study, we found degranulation of 
colonic mast cells after 5 days of ceftriaxone treatment 
(Dovbynchuk et al, 2015b). Ghosh et al. (Ghosh et al, 
2011) showed that the interaction of mast cells with E. 
coli, an opportunistic pathogen and a constituent of the 
normal endogenous microbiota of the gut, induced mast 
cell bactericidal activity, degranulation, and release of 
inflammatory mediators (Piliponsky et al 2018).

After 14 days of ceftriaxone treatment, we still ob-
served pro-secretory changes in the colonic epithelium 
but they were less pronounced than after 5 days of treat-
ment. This response was mainly driven by Cl- secretion, 
and the expression of Cftr channels was also increased. 

Surprisingly, along with the net Cl- secretion, net Na+ 
absorption was increased as well as expression of the 
electroneutral Na+/H+ exchanger (Slc9a3) and the elec-
trogenic Scnn1b. The concomitant increase in sodium 
absorption along with the observed Cl- secretion might 
be explained by a complex defense reaction to shift in-
traluminal colonic homeostasis. On one hand, there is 
compensation for fluid loss due to an increase in Na+ 
absorption. On the other hand, there is protection of the 
epithelial layer integrity against colonization by patho-
genic microbiota and its direct contact with the epi-
thelial cells, achieved by driving mucus secretion and 
flushing out of invading bacteria due to an increase in 
Cl- secretion. 

Pathogenic, as well as commensal bacteria, can di-
rectly affect colonic fluid transporters by regulating ion 
transporters. For example, infection with C. rodentium 
resulted in the upregulation of Cftr, DRA, and Slc9a3 
transporters (Spehlmann et al, 2009). Oral gavage with 
Salmonella enterica serovar Typhimurium reduced the 
expression of DRA, Scnn1b and caused internalization 
of Cftr in mice colonic epithelial cells (Marchelletta et 
al, 2013). B. breve downregulated carbachol-induced 
Cl- secretion and, to a lesser extent, Fsk-induced Cl- se-
cretion in HT29-19A epithelial monolayer (Liu et al, 
2020). L. acidophilus significantly increased Cl-/HCO3

- 
exchange activity via an increase in the surface levels of 
the apical anion exchanger DRA in both in vitro and in 
vivo studies (Shubha et al, 2015). Previously we found 
that the combined administration of multispecies pro-
biotics with antibiotics prevented antibiotic-induced 
diarrhea in rats by increasing water absorption via the 
colonic epithelium (Dovbynchuk et al, 2015b).

In the present study, we observed the downregulation 
of anaerobic Lactobacillus, Bifidobacterium, and Pro-
pionibacterium spp. in rats’ feces after 5- and 14-day 
ceftriaxone treatment. However, these changes were 
within the normal range. Counts of aerobic condition-
ally pathogenic Enterobacteriaceae (Citrobacter spp, 
Klebsiella spp, Proteus spp) and S. aureus were signifi-
cantly increased after 5 days of ceftriaxone treatment 
but returned to baseline after 14 days of treatment. The 
decreased total number of E.coli after both 5 and 14 
days of ceftriaxone treatment was mainly due to a reduc-
tion in the mean counts of lactose-positive E.coli. These 
dynamic changes in culturable colonic microbiota com-
position were accompanied by a significant depletion of 
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the colon surface mucus layer after 5 days of ceftriaxone 
treatment, but it improved after 14 days of ceftriaxone. 
That probably was the result of mucus release from 
Goblet cells as well as secretion de-novo, since the gene 
level of the major constituent of mucus, Muc2 mucin, 
was also slightly increased.

Dynamic changes in the thickness and composition 
of the mucus layer on the surface of epithelial cells 
were reported as a part of host defense mechanisms 
protecting the host from pathogenic invasion during C. 
rodentium infection (Gustafsson et al, 2013, Dovbyn-
chuk et al, 2015b) as well as after transferring E. coli 
from the intestinal contents of conventional suckling 
rats into germ-free adult rats (Tomas et al, 2015). In all 
these studies (Gustafsson et al, 2013, Dovbynchuk et al, 
2015b, Tomas et al, 2015), alterations in the mucus lay-
er were accompanied by changes in ion secretion, ion 
transporters, and water channel expression. Generally, 
fluid secretion functions as an attempt to flush out poten-
tial pathogens or noxious agents such as toxins (Gareau 
et al, 2013). The changes in secretion allow the refor-
mation of the mucus layer, displacing the pathogen to 
the outer mucus layer, where it is then outcompeted by 
the returning commensal flora (Gustafsson et al, 2013, 
Dovbynchuk et al, 2015a).

As further confirmation of the epithelial defense reac-
tion during antibiotic therapy, we detected a significant 
increase in mRNA levels of major tight junction integral 
membrane protein occludin (Ocln) and its cytoskeletal 
linker proteins Zonula occludin-1 (Tjp1) after 14 days 
of ceftriaxone treatment in the colon mucosa. Zonula 
occludins link the cytoplasmic peripheral membrane 
proteins, e.g. occludin, with the membrane cytoskele-
ton to form tight junction complexes. These complex-
es, together with intracellular signaling proteins, are the 
rate-limiting factor for paracellular permeability; they 
are programmed to rapidly open and seal the barrier in 
the event of injury and other signals (Chelakkot et al, 
2018). 

Conclusion
The present study demonstrated, for the first time, that 

parenteral treatment with the cephalosporin antibiotic 
ceftriaxone induced diarrhea, which was associated with 
changes in colonic net water, ion transport, and mucus 
secretion driven by a shift in the number of culturable 
conditionally pathogenic microbiota. The molecular 

mechanisms of these changes differ after short (5 days) 
and long (14 days) periods of antibiotic therapy and 
might explain the observed transitory pattern of idio-
pathic AAD. However, the current study is limited by 
its focus on one group of antibiotics and caution must be 
exercised when translating these findings to the mecha-
nisms of antibiotic-associated diarrhea for other antibi-
otics groups. 
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