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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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Please note, materials submitted to the Editorial Office Staff are supposed to meet the following requirements:

1. Articles must be provided with a double copy, in English or Russian languages and typed or
compu-ter-printed on a single side of standard typing paper, with the left margin of 3 centimeters width,
and 1.5 spacing between the lines, typeface - Times New Roman (Cyrillic), print size - 12 (referring to
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3. Submitted material must include a coverage of a topical subject, research methods, results,
and review.
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articles. Tables and graphs must be headed.

6. Photographs are required to be contrasted and must be submitted with doubles. Please number
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7. Please indicate last names, first and middle initials of the native authors, present names and initials
of the foreign authors in the transcription of the original language, enclose in parenthesis corresponding
number under which the author is listed in the reference materials.

8. Please follow guidance offered to authors by The International Committee of Medical Journal
Editors guidance in its Uniform Requirements for Manuscripts Submitted to Biomedical Journals publica-
tion available online at: http://www.nlm.nih.gov/bsd/uniform_requirements.html
http://www.icmje.org/urm_full.pdf
In GMN style for each work cited in the text, a bibliographic reference is given, and this is located at the end
of the article under the title “References”. All references cited in the text must be listed. The list of refer-
ences should be arranged alphabetically and then numbered. References are numbered in the text [numbers
in square brackets] and in the reference list and numbers are repeated throughout the text as needed. The
bibliographic description is given in the language of publication (citations in Georgian script are followed
by Cyrillic and Latin).

9. To obtain the rights of publication articles must be accompanied by a visa from the project in-
structor or the establishment, where the work has been performed, and a reference letter, both written or
typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

Objective: In this study, the dose-dependent anti-inflammatory,
anti-oxidant and histological impacts of palmitoleic acid were
evaluated subsequent ketamine-induced liver injury in rats.

Methods: Forty-five adult male albino rats were assigned
to five groups (n=9 each): control, ketamine, palmitoleic acid
alone, low-dose palmitoleic acid plus ketamine, and high-dose
palmitoleic acid plus ketamine. Palmitoleic acid was given orally
through the gavage for 7 consecutive days at doses of 100mg/
kg/day or 300mg /kg/day. Hepatic injury was induced through
injecting ketamine intraperitoneally at dose of 160 mg/kg/day
on days 8 and 9, with an interval of 24 hours between injections.
Blood and liver samples were collected on day 10 to measure the
serum levels of Interleukin-6(IL-6), malondialdehyde (MDA),
and tumor necrosis factor-alpha (TNF-a) and histological
examination.

Results: In comparison to the control group, the ketamine-
treated group showed significantly elevated levels of serum
MDA, TNF-a, and IL-6. Hepatic injury has occurred in the
ketamine-treated group, which is characterized by degeneration
of hepatocytes, significant necrosis, vascular congestion
and inflammatory cell infiltration. These histological and
biochemical alterations were attenuated by pretreatment with
palmitoleic acid in dose dependent pattern.

Conclusion: Palmitoleic acid therapy protects rats' livers
against the damage produced by ketamine. This protection
was linked to reduced levels of inflammatory cytokines, less
oxidative stress, and less damage to tissues. The protection was
greatest at higher doses. These data suggest that palmitoleic
acid may be an effective supplementary approach to mitigate
ketamine-induced liver damage.

Key words. Ketamine, hepatotoxicity, palmitoleic acid-
omega-7, oxidative stress, inflammation, hepatoprotection.

Introduction.

One of the challenges in toxicology and clinical medicine
is liver injury due to drugs which is known as drug-induced
liver injury (DILI), that is characterized by cholestasis,
hepatocyte injury, or mixed patterns and may lead to number
of illnesses [1,2]. Many types of drug-induced liver damage is
through oxidative stress mechanism that can lead to apoptosis,
inflammations and mitochondrial malfunctions [3,4].

Ketamine is a dissociative anaesthetic that can be used for
a number of medical purposes, such as pain relief, sedation
during procedures, and anaesthesia in intensive care units [5-
71]. Utilization of ketamine over long period of time can cause
liver damage in a way that causes cholestasis. Moreover, people
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receiving mechanical ventilation have exhibited a correlation
between elevated levels of bilirubin and exposure of ketamine
in proportion to the dose [8]. A clinical trial also indicated that
severely ill burn patients who used a lot of ketamine for a long
time were more likely to have cholestatic liver disease and die.
Limiting ketamine dosages markedly diminished liver injury
and enhanced three-month survival, but other sedatives were
not linked to these detrimental effects [9].

Beyond clinical observations, animal studies establish
hepatotoxic effects associated with ketamine exposure. In rats,
recurrent subanesthetic ketamine administration has been linked
to hepatic oxidative stress and inflammation, as evidenced by
increased oxidant markers and pro-inflammatory mediators
in liver tissue [10]. These findings prop rationalization for
evaluating hepatoprotective agents that can alleviate oxidative
injury and inflammatory responses in ketamine-induced liver
damage [3].

Palmitoleic acid (cis-16:1 n-7), Palmitoleic acid, a
monounsaturated fatty acid, is identified as a bioactive
compound that is capable to modulate immunometabolic signals
rather than only serving as energy substrate [11]. Palmitoleate
can influence macrophage activation and anti-inflammatory
responses, as demonstrated in experimental studies elucidating
the molecular pathways that may contribute to its therapeutic
actions in inflammatory tissue injury [12].

Numerous studies support the concept that palmitoleic acid
preserves the liver. In a high-fat diet paradigm, palmitoleic acid
administration decreased liver inflammation and reoriented
hepatic myeloid cells towards an anti-inflammatory phenotype,
thereby enhancing an immunomodulatory hepatoprotective
mechanism [13]. Additionally, another study with mice shows
that palmitoleic acid can improve outcomes related to liver
damage in models of liver stress, including the increase of
antioxidant-related parameters and functional indicators [14].
Recent technological investigations in NAFLD models suggest
that palmitoleic acid may mitigate liver injury and oxidative
stress, correlating with lipid metabolism regulation and
ferroptosis-related pathways [15].

Despite these findings, the dose -dependent hepatoprotective
effects of palmitoleic acid in ketamine-induced liver injury
have not been systematically described. Therefore, establishing
dose-response relationship is essential in pharmacology and
toxicology since it clarifies the effective dose ranges, strengthens
causal inference, and improves translational interpretation [1].
Hence, the goal of this work is to evaluate dose-dependent
hepatoprotective effects of palmitoleic acid in rats following
ketamine -induced liver damage through evaluating oxidative
stress, inflammatory markers, and histological alterations.

255



Materials and Methods.

Reagents and chemicals: Ketamine HCI (50 mg/mL, solution
for injection) was obtained from Panpharma GmbH (Germany).

Omega-7 (palmitoleic acid; cis-16:1 n-7) was administered
using Provinal® Purified Palmitoleic acid softgel capsules (Life
Extension®, Fort Lauderdale, FL, USA), each softgel providing
210 mg palmitoleic acid. The contents of the softgel capsules
were extracted and used for administration orally.

Enzyme-linked immunosorbent assay (ELISA) kits for
Interleukin-6 (IL-6), Malondialdehyde (MDA), and Tumor
necrosis factor-alpha (TNF-a) were purchased from SunLong
Biotech Co., Ltd. (China).

Experimental animals: The current study included forty-five
12-week-old male albino rats weighing 180-240 grams. The
animals were maintained in a well-controlled animal house
with temperature of 22 + 2 °C, light/dark cycle of 12 hours,
and humidity of 50% to 60%, they were provided free access to
water and diet and were acclimatized for seven days before the
experiment.

Ethical approval: Ethical clearance of all experimental
protocols was obtained from the Pharmaceutical Research
Ethics Committee (PREC), College of Pharmacy, University of
Mosul, Iraq (approval no. PREC-25-1-16; November 16, 2025).
All procedures involving animals were carried out according to
internationally recognized guidelines regarding use and care of
laboratory animals.

Experimental design: A total of forty-five male albino rats
were randomly allocated into five groups, with nine rats in each
group, as follows:

Group I (a negative control): the rats were given the oral
vehicle by gavage for 7 days.

Group II (Ketamine-treated group): oral gavage was used
to administer vehicle for 7 consecutive days, and then followed
by ketamine injection intraperitoneally at dose (160mg/kg/day)
on day8&9 to induce liver injury.

Group III (Palmitoleic acid only group): Rats received
oral palmitoleic acid (300 mg/kg/day) through gavage for 7
consecutive days.

Group IV (Low-dose palmitoleic acid + ketamine group):
Rats were given palmitoleic acid (100 mg/kg/day) by mouth for7
consecutive days. Then, on days 8 and 9, rats were administered
two injections of ketamine (160 mg/kg/day) intraperitoneally,
24 hours apart.

Group V (High-dose palmitoleic acid + ketamine group):
Rats were given palmitoleic acid (300 mg/kg/day) by mouth for
seven days. Then, on days 8 and 9, rats were administered two
injections of ketamine (160 mg/kg/day) intraperitoneally, 24
hours apart.

In this work, the ketamine induction schedule was selected
based on preliminary optimization indicating that two doses
produced a more consistent and moderate hepatic injury suitable
for evaluating protective effects.

Sample collection: On day 10, following anaesthesia, blood
samples were obtained through cardiac puncture. The collected
blood was permitted to coagulate and thereafter centrifuged
at 3000 rpm for 15 minute to isolate serum for biochemical
analysis. The animals were then scarified, and the livers were
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extracted, rinsed with cold normal saline, and prepared for
histological analysis.

Histopathological Examination: Neutral buffered formalin
(10%) and paraffin were used in fixation and embedding liver
tissue samples respectively. The liver sample sections with a
thickness of 4 to 5 micrometer were stained using Hematoxylin
&Eosin (H&E). The light microscope was used to examine liver
sections. A pathologist who was blinded to experimental groups
performed histopathological evaluation to assess degeneration
of hepatocytes, necrosis and inflammation.

Statistical analysis:

IBM SPSS Statistics (version 22) was used to perform
statistical evaluation of data and one-way ANOVA was used
to assess differences among groups, after which Tukey's post
hoc test was applied for multiple comparisons. The findings
were expressed as mean + standard deviation (SD), and p-value
below 0.05 was considered statistically significant.

Results.

The impact of Palmitoleic Acid on Serum Malondialdehyde
(MDA) Levels.

Serum MDA levels were estimated as an index of oxidative
damage and lipid oxidative degradation. As shown in Table 1
and Figure 1, the ketamine-treated group (Group II) showed
significantly higher serum MDA levels in comparison to
the control-Group I (p < 0.001). Whereas pretreatment with
palmitoleic acid at 100 mg/kg/day (Group IV) markedly
decreased serum MDA levels compared to Group II (ketamine
group). A more pronounced reduction was observed with
palmitoleic acid at 300 mg/kg/day (Group V), with MDA levels
approaching those of the control. Compared to the control, the
palmitoleic acid-only group (Group III) showed no significant
differences (P >0.05) indicating the safety and tolerability of
palmitoleic acid at dosage of 300mg/kg/day. No significant
differences seen between Groups IV &V. These findings indicate
a dose-responsive effect of palmitoleic acid which attenuated
ketamine-induced oxidative stress.

Effect of Palmitoleic Acid on Inflammatory Cytokines (TNF-
a and IL-6).

Inflammatory responses were evaluated by measuring serum
levels of inflammatory cytokines (IL-6 & TNF-a). Inflammatory
cytokines were markedly elevated after ketamine injection in
ketamine-treated group (Group II) in comparison to Group I (p <
0.001) as demonstrated in table2 &figure2. While pretreatment
with palmitoleic acid (100 mg/kg/day) in Group IV markedly
mitigated the elevation of both serum cytokines levels in
ketamine-treated Group II (p <0.01). For Group V, a greater
reduction in inflammatory cytokines was seen when palmitoleic
acid was given at high dose (300 mg/kg/day) before injection
of ketamine, cytokine levels of this group approaching those
of the Group I. No significant differences were seen between
the control group (Group I) and the palmitoleic acid-only group
(Group III). These results demonstrate dose-dependent anti-
inflammatory effects of palmitoleic acid in ketamine-induced
liver injury (Table 2 and Figures 2 and 3).
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Figure 1. Serum MDA level across the experimental groups. The data are presented as Mean £ SD (n=9 in each group). Serum MDA level rose
greatly after ketamine exposure, while pretreatment with palmitoleic acid lowered this increase markedly at both tested doses. ***p < 0.001 vs
control group; ¥p < 0.01 and **p < 0.001 vs ketamine group.
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Figure 2. Serum TNF-alpha level among experimental groups. The data were presented as Mean = SD (n=9/group). The injection of ketamine
markedly elevated serum TNF-a level in comparison to Control group, whereas pretreatment with palmitoleic acid attenuated this increase in
both tested doses. ***p < 0.001 versus control group; *p < 0.01 and "p < 0.001 versus ketamine group.
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Figure 3. The serum levels of IL-6 across the experimental groups. Data are shown as Mean + SD (n=9 in each group). Ketamine administration
raised serum levels of IL-6 significantly, while palmitoleic acid pretreatment decreased this increase markedly at both tested doses. ***p < 0.001
versus control group; #p < 0.01 and ###p < 0.001 versus ketamine group.
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Group IV Group V

HEE stalin 100x
Figure 4. Hepatoprotective effects of low dose palmitoleic acid against ketamine insult. Group I (control), Group II (160mg.kg”), Group III
(palmitoleic acid-only), Group IV (palmitoleic acid 100mg.kg'* ketamine), and group V (palmitoleic acid 300mg.kg'* ketamine). H & E(100x)
sections of Group I show intact hepatocytes with organized structure and normal liver architecture, ketamine-group (Group 1) shows oncotic
necrosis (black arrow), diffuse hydropic degeneration of the hepatocytes (green arrow), severe infiltration of the inflammatory cells in the portal
area (black arrow) and congestion of the portal vein (yellow arrow). The Group 11l shows intact hepatocytes with organized structure (black
arrow), central vein (green arrow), and portal area (blue arrow). Group 1V; Palmitoleic acid, omega-7, 100mg/kg, shows mild oncotic necrosis
(black arrow), diffuse hydropic degeneration of the hepatocytes (green arrow), and congestion of the central vein (blue arrow). Histological
section of rat liver from Group V (palmitoleic acid, 300mg/kg) shows very mild hydropic degeneration of the hepatocytes (black arrow), very
mild infiltration of the inflammatory cells in the portal area (green arrow), and congestion of the portal vein (blue arrow). Hematoxylin and eosin
stained (H&E), Scale bar, 100um.

HEE stain 400x

Figure 5. Hepatoprotective effects of high dose palmitoleic acid against ketamine insult. Group I (control), Group II (160mg.kg™), Group III
(palmitoleic acid-only), Group IV (palmitoleic acid 100mg-kg™'+ ketamine), and group V (palmitoleic acid 300 mg-kg™'+ ketamine). H & E(400x)
sections of Group I show normal morphology of hepatocyte with intact nuclei and cell borders. Group II (ketamine-treated) shows marked
oncotic necrosis, hydropic degeneration of hepatocytes, severe inflammatory cell infiltration, and sinusoidal congestion; Group III (palmitoleic
acid—only) shows normal hepatocyte morphology without pathological alterations; Group IV (palmitoleic acid, 100 mg/kg/day + ketamine)
shows mild hepatocellular degeneration with reduced inflammatory infiltration; Group V (palmitoleic acid, 300 mg/kg/day + ketamine) shows
preserved hepatocyte morphology with minimal degenerative and inflammatory changes. Hematoxylin and eosin stained (H&E), Scale bar,
100um.
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Table 1. Malondialdehyde (MDA) levels among the study groups.

Groups

Group I (negative control)

Group II Ketamine(160mg/kg/day) (positive control)
Group III Palmitoleic acid only(300mg/kg/day)

Group IV Palmitoleic acid(100mg/kg/day) +Ketamine (160mg/kg/day)

Group V Palmitoleic acid(300mg/kg/day) +Ketamine (160mg/kg/day)

Table 2. Serum inflammatory cytokine levels (TNF-o. and IL-6) among the study groups.

Groups

Group I (negative control)

Group II Ketamine(160mg/kg/day) (positive control)
Group III Palmitoleic acid only(300mg/kg/day)

Group IV Palmitoleic acid(100mg/kg/day) +Ketamine (160mg/kg/day)

Group V Palmitoleic acid(300mg/kg/day) +Ketamine (160mg/kg/day)

Histopathological findings.

Both Groups I & I1I showed normal hepatic histological findings
characterized by intact hepatocytes, normal architecture, normal
portal region & central veins, and intact hepatic sinusoids. The
normal findings of liver sections in Group III indicate the safety
& tolerability of high-dose palmitoleic acid. While the rats
from Group II, which received two intraperitoneal injections of
ketamine at a dose of 160 mg/kg/day, showed hepatic necrosis
and inflammation. Histopathological findings were seen in
this group, including hepatocyte degeneration, infiltration of
inflammatory cells, especially within the portal area, oncotic
and coagulative necrosis, and hepatic sinusoids & portal vein
congestions. Compared with the ketamine-treated group, partial
hepatoprotective effects were seen when rats were pretreated
with a low dose of palmitoleic acid (100 mg /kg/day) in
Group IV. The findings in this group were evidenced by mild
oncotic necrosis, mild hydropic degeneration, and decreased
infiltration of inflammatory cells. Regarding Group V, nearly
full hepatoprotective effects were seen when rats received a
high dose of palmitoleic acid prior to ketamine injections. The
histopathological findings from Group V showed significant
histological improvement demonstrated by preserved hepatic
architecture, very mild hydropic degeneration of the hepatocytes,
and very mild infiltration of the inflammatory cells in the
portal area. These findings indicate strong protective effects of
palmitoleic acid at high doses. Histopathological findings are
presented in Figures 4 and 5.

Discussion.

Prolonged or high-dose exposure to ketamine is associated
with hepatotoxicity and is increasingly recognized as a
clinically relevant form of DILI (Drug-Induced Liver Injury)
[1]. Idiosyncratic drug-induced liver injury is an unpredictable
and difficult condition due to lack of specific biomarkers to
confirm diagnosis. Therefore, early recognition and clinical
evaluation are important, and following established clinical
guidelines can help patient management and reduce the risk of
developing severe liver injury [16]. Causality assessment tools
such as RUCAM are commonly used to support DILI attribution
[17]. Recent clinical investigations have demonstrated that
long-term ketamine infusion is independently associated
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MDA (ng\ml)
55.92+7.03
76.67+10.22
56.77+6.48
62.38+8.20
57.86+6.01
TNF-a (ng/L) IL-6 (ng/L)
29.05+6.25 22.17+4.16
44.47+6.74 36.33+6.67
30.5+4.5 23.4942.39
35.02+7.18 26.97+6.1
31.89+3.29 23.82+4.06

with cholestatic liver injury and progressive cholangiopathy
in critically ill patients [8]. Reports of secondary sclerosing
cholangitis associated with ketamine further support the idea
that long-term exposure could damage the liver and gallbladder
[18]. Notably, there appears to be a dose-response association
between the administration of ketamine and the improvement
of clinical outcomes and reduction of cholestatic damage in
burn patients [9]. Similarly, case studies in recreational users
of ketamine have shown biliary system anomalies and severe
cholestasis after long-term usage [19].

From a molecular perspective, ketamine undergoes significant
metabolism in the liver mostly via CYP450 isoenzymes, yielding
active metabolites such as norketamine, which may contribute
to systemic toxicity [20]. The load of hepatic biotransformation,
together with the generation of oxidative stress and activation
of inflammation, may help explain why some people are more
likely to develop liver damage [7,20].

Oxidative stress and inflammation play important roles
in ketamine-induced liver damage. As shown in this study,
ketamine caused liver injury, which is reflected by higher levels
of inflammatory cytokines (IL-6, TNF-a), malondialdehyde
(MDA), and histopathological alterations. Among these,
oxidative stress is recognized as a major contributor to drug-
induced liver injury because it can lead to mitochondrial
dysfunction, enhance peroxidation of lipid, decrecase ATP
production, and then lead to hepatocyte necrosis [3,21].
Lipid peroxidation, reflected by increased MDA, represents a
hallmark of reactive oxygen species-mediated membrane injury
and may trigger ferroptosis-related pathways in hepatic tissue
[22,23]. Transcription of pro-inflammatory cytokines (TNF-a,
IL-6) is promoted in the presence of a high level of reactive
oxygen species (ROS) that can activate NF-«B signaling, as the
sequence amplifies hepatocellular injury [21,24]. Experimental
models have confirmed that ketamine administration increases
oxidative and inflammatory markers in rat liver tissue [10]. The
histopathological findings observed in the ketamine-treated
group (Group II) such as oncotic necrosis, hydropic degeneration,
inflammatory infiltration, and sinusoidal congestion, are
consistent with oxidative stress-driven necroinflammatory
injury patterns described in experimental hepatotoxicity models

[3].



A clear dose-dependent hepatoprotective effect of palmitoleic
acid is a principle finding of this study. Pretreating rats with
palmitoleic acid significantly attenuated lipid peroxidation and
inflammatory cytokine elevation, with the higher dose (300
mg/kg/day) restoring biochemical and histological parameters
toward near-normal values. Establishing how the effects change
with different doses enhances the result's biological credibility
and supports possible translations into clinical practice [1].

Palmitoleic acid (cis-16:1 n-7), omega-7, is increasingly
characterized as a bioactive lipokine with immunometabolic
regulatory functions rather than merely a structural fatty acid
[25,26]. Palmitoleate suppresses pro-inflammatory macrophage
polarization and reduces cytokine production through AMPK-
dependent signaling pathways as demonstrated in mechanistic
investigations [27]. Additionally, palmitoleic acid suppresses
hepatic inflammation and promotes anti-inflammatory myeloid
cell phenotypes, supporting its hepatoprotective role as shown
in a high-fat diet model [13].

Palmitoleic acid attenuates systemic inflammation and
modulates inflammasome activation as seen in recent evidence
consistence with our findings that significant reductions are
observed in serum levels of TNF- o and IL-6 in palmitoleic
acid-pretreated groups [12]. Moreover, emerging data suggest
that palmitoleate regulates lipid metabolism and ferroptosis-
associated pathways, thereby limiting oxidative hepatocellular
damage [15]. Additional studies demonstrate improved
hepatotoxic outcomes following palmitoleic acid administration
in metabolic and stress-induced liver injury models [14]. The
attenuation of MDA in our study is therefore biologically
coherent with suppression of lipid peroxidation and restoration
of redox homeostasis [28].

Histologically, the normal liver structure is largely preserved
with high-dose palmitoleic acid. The agreement between
oxidative stress markers, inflammatory cytokines and hepatic
architecture strengthens the reliability of the findings and
promotes the idea that modulation of oxidative-inflammatory
pathways plays a key role in the protection mechanism.
Future investigations incorporating Nrf2-regulated antioxidant
responses, mitochondrial bioenergetics assessment, and
macrophage polarization markers would further delineate
upstream signaling pathways and enhance mechanistic
resolution [29,30].

The findings of this study together provided evidence that
palmitoleic acid mitigated the ketamine-induced hepatotoxicity
in dose-responsiveness way through the reduction of
inflammatory signals and oxidative stress. Using standard body
surface area normalization (the Reagan-Shaw conversion factor
of 6.2 for rats to humans), the rat doses of 100 mg/kg and 300
mg/kg correspond to approximate human equivalent doses of
16.1 mg/kg and 48.4 mg/kg, respectively. For a 70 kg adult,
these would be roughly 1127 mg and 3388 mg per day. Given
that a typical commercial palmitoleic acid supplement (e.g.,
Provinal®) contains approximately 210 mg per capsule, the
human equivalent of our lowest rat dose is about 5—6 capsules
daily, and our highest dose equates to roughly 16 capsules per
day. While these amounts exceed typical supplement intake
levels, prior clinical studies have reported that palmitoleic acid
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is generally well-tolerated at doses up to 4.5 g per day (4500
mg), with no significant adverse effects or overdose risks aside
from mild gastrointestinal discomfort [31,32]. Furthermore,
toxicological data indicate a high safety margin, with no
observed adverse effect levels in rodent studies far exceeding
our administered doses. Therefore, although our doses are
supraphysiological relative to standard supplementation, they
remain within or near the range previously tested in humans
for short-term use [33,34]. This contextualization underscores
that our findings have translational relevance, particularly for
scenarios involving elevated oxidative stress and inflammation,
while also acknowledging that dose extrapolation to humans
requires caution and further clinical validation.

Conclusion.

Significant hepatic damage is produced following ketamine
administration which led to marked oxidative stress, increase in
inflammatory cytokines and marked histopathological lesions in
rat livers. The pretreatment with palmitoleic acid demonstrated
hepatoprotective effects, evidenced by a reduction in oxidative
stress, as revealed by decreased serum MDA levels, diminished
systemic inflammation (lower TNF-a and IL-6), and enhanced
histological architecture. The greatest consistent benefit came
from the largest dose of palmitoleic acid.
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