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Abstract

The aim of this study was to extend our investigations into the antibacterial properties of iron (III) complexes of aliphatic hydroxamic acids in synergy
with vancomycin. We studied the effects of vancomycin combined with the di-decanohydroxamato iron (III) chloride complex (HA10Fe3Cl) against
Corynebacterium kroppenstedtii (C. kroppenstedtii). The Minimum Inhibitory Concentration (MIC) of vancomycin, complex HA10Fe3Cl and their
combination was determined using a microdilution drug susceptibility test. The MIC for the combination of vancomycin and complex HA10Fe3Cl was
lower than the MIC observed for vancomycin or complex HA10Fe3Cl alone. The combination of vancomycin and complex HA10Fe3ClI has a strong
inhibitory effect against the growth of C. kroppenstedtii It would be interesting to further investigate the synergistic effect of vancomycin-complex
HA10Fe3Cl combination in order to elucidate the mechanism against C. kroppenstedtii. Our results provide a new pathway for the development and
enhancement of strategies for the clinical treatment of infections caused by C. kroppenstedtii.
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Introduction
there has been a notable increase in the incidence of GLM among

postpartum women of childbearing age, presenting as a chronic fo-
cal inflammatory disorder [2]. The pathogenesis of GLM is thought
to involve several factors, including autoimmune reactions, hyper-

Granulomatous Lobular Mastitis (GLM) is a chronic inflammato-
ry disease that primarily affects the lobules of the mammary gland,
characterized by the formation of granulomas within breast tissue.
Clinically, this condition is recognized as GLM [1]. In recent years,
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sensitivity to breast milk, local trauma, and microbial infections.
Notably, some studies have linked granulomatous mastitis to infec-
tions with Corynebacterium kroppenstedtii (C. kroppenstedtii) [3,4].
C. kroppenstedtii is an uncommon Gram-positive, short rod-shaped
bacillus that poses challenges for culture in conventional media af-
ter 48 hours due to its lack of characteristic mycolic acid branching
[5,6]. It grows more effectively on blood agar plates supplemented
with Tween 80 [7,8]. The lipophilicity of C. kroppenstedtii is consid-
ered a key pathogenic trait, as fat-rich environments are conducive
to its growth; this is particularly relevant given the high fat content
of mammary tissues, which predisposes postpartum women to in-
fections by this bacterium. No clear guidelines are present on how
to approach a patient with idiopathic granulomatous mastitis and
many treatment options have been tried in reported cases. Some
literature suggests that the treatment of breast inflammation as-
sociated with C. kroppenstedtii infection may benefit from a triple
antibacterial regimen (isoniazid, rifampicin, and ethambutol) or
steroid, aiming to target the infection at its source for eradication
[9-11]. Some scholar also recommends using antibiotics, the most
used were doxycycline, amoxicillin (with and without clavulanic
acid), ciprofloxacin and cefuroxime, and in some cases, tetracycline
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was used with favourable outcomes [12-15].

While anti-tuberculosis medications show promise in manag-
ing refractory chronic granulomatous mastitis, it is essential to ob-
tain a pathological diagnosis before initiating treatment. Attention
must also be paid to the side effects associated with these drugs
[16]. Given the prolonged treatment duration, high dosages, and
combination therapy often required, adverse reactions frequently
arise. Drug-induced liver damage is the most prevalent issue, po-
tentially leading to severe complications such as liver failure, which
can be fatal [16]. Interestingly, our previous work demonstrated
that the hydroxamic acids and their iron (II/III) complexes dis-
played the antibacterial or antifungal activity [17] and anti-myco-
bacterial activity [18]. In the present study, we aim to investigate
the effects of the complex of di-decanohydroxamato-iron (III) chlo-
ride (HA10Fe3Cl) (Figure 1) against the growth of C. kroppenstedetii,
specifically assessing the Minimal Inhibitory Concentration (MIC).
Furthermore, we also evaluate the potential clinical utility of the
complex HA10Fe3Cl in conjunction with vancomycin as a treatment
strategy for C. kroppenstedtii infections, thus contributing to the de-
velopment of new therapeutic approaches.
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Figure 1: The chemical structures of N-hydroxydecanamide (HA10) and the complex of di-decanohydroxamato-iron (ll1) chloride (HA10Fe3Cl).

Materials and Methods
Materials

The bacteria C. kroppenstedtii were provided by the microbiolo-
gy laboratory of the clinical laboratory in Shanxi Provincial People’s
Hospital. The complex HA10Fe3Cl obtained from N-hydroxydecan-
amide acid (HA10) (Figure 1) were synthesized in microbiology,
bioorganic and macromolecular chemistry unit, Faculty of Pharma-
cy, Université libre de Bruxelles (ULB), Belgium. The mainly regents
used in the present study included: Lysed horse serum (0XOID), M-H
broth medium (Qingdao Hai Bo), CAMHB broth medium (Qingdao
Hai Bo), Methyl Thiazolyl Tetrazolium (MTT, Nanjing Diensel Bio-
technology Co., Ltd.), vancomycin (Solebo Bio), formic acid (Sigma
Aldrich), a-Cyano-4-hydroxycinnamic acid (HCCA) (Sigma Aldrich).
The main equipment was Biosafety cabinet (HFsafe-1500TE), CO,
thermostatic incubator (35+2°C, GHP-9050), VITEK turbidimeter
(WZB-175), Bruker MALDI Biotyper (MBT), Smart MALDI-TOF MS
instrument (Bruker Daltonics).

Methods

Synthetic Method of Iron (III) Complex of Hydroxamic
Acid: The synthetic method for the complex of di-decanohydrox-
amato-iron (III) chloride (HA10Fe3Cl) starting from of the N-hy-
droxydecanamide (HA10) and their characterization by Infra-Red
(IR), Ultra-Violet (UV) spectroscopy, magnetic susceptibility mea-
surement, molar conductivity, Karl Fischer titration, chloride ions
identification, mass spectrometry, Electron Paramagnetic Reso-
nance (EPR) spectroscopy, partition coefficient (logP) determina-
tion, stability study and elemental analysis were reported in our
previous work [17].

Bacteria Isolation and Identification: The C. kroppensted-
tii strain used in this study was isolated from the breast pus in a
38-year-old patient suffering from mastitis, and the breast pus was
inoculated into a blood agar medium and incubated for 24-48 hours
at37°Cin 5% CO, environment. The individual colonies were picked
for MALDI-TOF mass spectrometry identification. Briefly, fresh col-
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ony was transferred onto an MALDI Biotyper (MBT) Biotarget 96
(Bruker Daltonics) target site using a sterile wooden toothpick,
overlaid with 1 pL of 70% (v/v) formic acid in High Performance
Liquid Chromatography (HPLC) grade water, and allowed to dry air
atroom temperature. Once dry, 1 pL of a-Cyano-4-hydroxycinnamic
acid (HCCA) matrix solution (10 mg/mL) was applied and allowed
to dry once more before loading sample targets into the Matrix
Assisted Laser Desorption Ionization - Time of Flight Mass spec-
trometry (MALDI-TOF MS) instrument for analysis. Sample mass
spectra were obtained on a Bruker MBT Smart MALDI-TOF MS in-
strument (Bruker Daltonics) set to detect a molecular mass range
of 2 to 20 kDa with a laser frequency of 200 Hz. Bruker flexControl
(version 3.4) and MBT Compass (version 4.1) software programs
were used for automated instrument control and data acquisition,
respectively. Species-level sample identities were determined by
the MTB software searching against the Bruker BDAL MSP library
database (RUO version 9). Samples with Biotyper ID scores>1.70
were accepted for identification, while ID scores <1.70 were con-
sidered unreliable and those samples were excluded from analyses.
This cutoff score has been used previously, in conjunction with the
formic acid overlay method, for identification of anaerobic bacterial
isolates [19].

Preparation of Bacterial Suspension: A small amount C. kro-
ppenstedtii preculture was inoculated and grown in blood agar me-
dium plate at 37°C incubation. The next day, fresh single colonies
were picked using a sterile cotton swab and mixed in a sterile 3 mL
tube of 0.45% sodium chloride (v/v) (NaCl), which was adjusted
to a McFarland turbidity of 0.5, corresponding to 1.5x10® CFU/mL.
Then, 30 pL of bacterial suspension was added to 3 mL of M-H cul-
ture medium as the inoculum for further experiment.

Colony Forming Unit (CFU)Determination of Inoculum: The
inoculum was diluted with 10 times serial dilution in M-H culture
medium. Spread 100 pL of each dilution on blood agar plates and
incubate in a CO, incubator for 24 hours. Calculate the average
number of colonies for each dilution using the following equation.

Nex Df
(g

CFU | mL = 1)

Results

Identification of C. Kroppenstedtii
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Here, Nc=Number of colonies, Df = Dilution Factor, Vc= Volume
of the culture plate (mL).

Minimal Inhibitory Concentration (MIC) Determination:
The MIC determination was performed using the microdilution
method on 96-well plate. Briefly, the 20 pL vancomycin (5 mg/mL)
or complexe HA10Fe3Cl (5 mg/mL) was injected into 180 uL. MH
medium with 10 times dilution, then transfer 100 puL mixture into
the next well with 100 uL. MH medium, and so on. The final volume
for drug dilutions were 100 pL. Then inoculum 100 pL were inject-
ed into each well. The wells contained only drugs or bacterial inoc-
ulum were considered as the controls. The final volume of each well
was 200 pL and the wells without bacterial inoculum. The plate was
incubated in CO, incubator for 24 h.

The combined effect of vancomycin and the complex HA10Fe3Cl
was also performed using a microdilution method. We firstly fixed
the vancomycin concentration, serial diluted complex HA10Fe3Cl
or fixed the complex HA10Fe3Cl concentration, serial diluted van-
comycin, then adding the same bacterial inoculum. The plate was
incubated in CO, incubator for 24 h. After that, 30 uL of MTT (5 mg/
mL, m/v) was added to each well and incubated in CO, incubator
for 30-60 min. The results were observed by color changes. If the
color in the wells is less than that in the positive control wells, it is
considered that the drug has an inhibitory effect on the growth of
the bacteria, and the lowest concentration of the drug in the wells
is regarded as the lowest inhibitory concentration for the bacteria.

The fractional inhibitory concentration index (FICI) was calcu-
lated according to the checkerboard method.

MICab MICbha
MICa  MICbH

FICI =FICa+ FICb =

(2)

MIC, and MIC, represent the MIC of the complex HA10Fe3Cl or
vancomycin alone. MIC  is the MIC of the complex HA10Fe3Cl in
combination with a fixed vancomycin concentration. MIC, is the
MIC of vancomycin in combination with a fixed complex HA10Fe3Cl
concentration. The fixed concentrations were 4- and 20-fold lower
than the MIC_ or MIC, respectively. In agreement with the checker-
board method, synergy is reached when the FICI is <0.5 [20].

Figure 2: The C. kroppenstedtii was grown in blood agar plate (A) and the identification by MALDI-TOF MS (B).
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After 24 hours of inoculation with mammary pus, single col-
onies of bacteria were observed growing on the blood agar plate.

Bacterial Colony-Forming Units (CFU) Calculation

Copyright© Rongshan Li

These individual colonies were subsequently selected for identifi-
cation via MALDI-TOF MS, with ID scores of 1.834 (Figure 2).

inoculum.

Figure 3: The C. kroppenstedtii inoculum was grown in a blood agar plate. The 10°, 10", 10, and 107 indicated the 10 times serial dilution for

The inoculum used in the drug sensitivity experiments was di-
luted in a series of 10-fold dilutions. A volume of 100 pL from each
dilution was plated onto blood agar plates, spread evenly, and in-
cubated at 37°C for 24 hours. The CFU of C. kroppenstedtii per mL
were 2.64x10° The growth pattern of the colonies is illustrated in
(Figure 3).

MIC Determination

After 24h incubation, we observed the color changes in various
drug conditions. The positive control of each group showed good
bacterial growth, and the negative control showed no bacterial
growth. The interference of bacterial solution and culture solution
on the experiment was excluded. This indicates that there was no
interference from the bacterial or culture solutions during the ex-
periment, confirming that the experimental conditions were stan-
dardized, free of contamination, and that the data obtained were
valid. The MIC of vancomycin and the complex HA10Fe3Cl were
0.32 ug/mL and 250 pg/mL, respectively.

To investigate whether this growth inhibition results from a
synergy between the complex HA10Fe3Cl and vancomycin, the
checkerboard method was also used to calculate FICI. The MIC of
the complex HA10Fe3Cl dropped from 250 pg/mL to 31.25 pg/mL
in the presence of vancomycin (0.2 pg/mL), and the MIC of vanco-
mycin dropped from 0.32 ug/mL to 0.08 pg/mL in the presence of
the complex HA10Fe3Cl (100 pg/mL), suggesting that the combina-
tion can inhibit C. kroppenstedtii, growth in synergy (FICI = 0.375)
(Table 1).

Table 1: Vancomycin and complex HA10Fe3Cl MIC
determination.

Compound MIC (ng/mL)/FICI
Vancomycin 0.32/-
HA10Fe3Cl 250/-
Vancomycin (0.2 p g/mL) +
HA10Fe3Cl 31.25/0.125
HA10Fe3CI (100 l:lg/mL) + 0.08/0.25
Vancomycin
Discussion

The incidence of GLM has been rising annually among postpar-
tum women of childbearing age, prompting increasing research
into its etiology both domestically and internationally. Various the-
ories have been proposed regarding its causes, including autoim-
mune reactions, hypersensitivity to breast milk, use of oral contra-
ceptive pills, local trauma, and microbial infections. Among these,
C. kroppenstedtii is considered as one of the pathogeneses for GLM.

C. kroppenstedtii, with its lipophilic properties, is frequently im-
plicated in infections localized in fat-rich tissues, such as the blood-
stream, heart valves, and catheter sites [21]. Numerous studies
suggest that C. kroppenstedtii plays a significant role in the patho-
genesis of Chronic Lactational Mastitis (CLM) due to its unique
structural characteristics [21]. Closely related taxonomically to
Mycobacterium, it shares morphological similarities with Mycobac-
terium tuberculosis and exhibits intracellular parasitism, primarily
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surviving in neutrophil-infiltrated lipid vacuoles within granulation
tissue rather than in inflamed tissue. Consequently, only drugs with
high lipophilicity and extensive volume of distribution can effec-
tively inhibit bacterial growth in this specific environment [22].

Infections caused by C. kroppenstedtii are marked by granulo-
matous inflammation, abscess formation, and potential progres-
sion to sinus tracts or fistulas. This complicates treatment, often
resulting in invasive procedures, increased risk of breast contour
disruption, and, in severe cases, mastectomy to prevent recurrent
disease. Conventional treatments, typically involving immunosup-
pressive drugs, can be lengthy, fail to completely eliminate inflam-
matory lesions, and are prone to repeated relapses. Thus, explor-
ing an effective therapeutic protocol that minimizes patient harm
is critical. In this study, we investigated the efficacy of vancomycin
combined with a novel antimicrobial agent, the complex HA10Fe-
3Cl, in vitro experiments against C. kroppenstedtii.

Our findings indicated that the MIC of vancomycin alone for
C. kroppenstedtii was approximately 0.32 pg/mL, while that of the
complex HA10Fe3Cl was 250 ug/mL. When these two agents were
used in combination, fixing the concentration of vancomycin at 0.2
pg/mL resulted in an MIC for the complex HA10Fe3Cl of 31.25 pg/
mL, demonstrating a reduced MIC compared to when the agent
was administered alone. Conversely, fixing the concentration of the
complex HA10Fe3Cl at 100 pug/mL led to a decrease in the MIC of
vancomycin to 0.08 pg/mL, indicating enhanced effectiveness of
the combination therapy over monotherapy. Given the variability in
pathogenic bacterial loads and individual immune responses, clini-
cal dosages should be adjusted according to patient symptoms and
drug sensitivity tests.

Indeed, our previously study also demonstrated that the com-
plex HA10Fe3Cl displayed the inhibition effect against mycobac-
teria, including M. tuberculosis, M. bovis BCG and M, marinum and
the combination of vancomycin and complex HA10Fe3Cl possess
the synergistic effect against M. bovis BCG [18]. Further investi-
gation showed that the targets of the complex HA10Fe3Cl mainly
affect the compounds related to the integrity of the mycobacterial
cell wall. Therefore, our present study indicated that the inhibito-
ry effect against C. kroppenstedtii could also influence the cell wall
compounds biosynthesis. However, with the appearance of the drug
resistance strain, especially resistance to erythromycin and clinda-
mycin, ciprofloxacin, tetracycline, and trimethoprim-sulfamethox-
azole [23], it is urgent to develop novel regiment to fight against
C. kroppenstedtii infection. The genes erm(X) in clindamycin and
erythromycin-resistant, and genes sul(1) in trimethoprim sulfame-
thoxazole-resistant, and gene tet(W) in tetracycline-resistant were
also identified in clinical strains [23]. Until now, there have been
few reports about resistance to rifampicin, linezolid, vancomycin,
or gentamicin. Our study also provides a novel therapeutic regimen
using drug combination for C. kroppenstedtii infection.

Conclusion

The antibacterial activity of vancomycin and the complex

Copyright© Rongshan Li

HA10Fe3Cl is increased when they are used in combination against
C. kroppenstedtii (Table 1). The results show that an inhibitory ef-
fect is enhanced when two antibacterial compounds are in com-
bination. This synergy between vancomycin and the complex
HA10Fe3C(l is promising for the development of new antibacterial
agents to treat the infections caused by C. kroppenstedtii.
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