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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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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-α) and histological 
examination.

Results: In comparison to the control group, the ketamine-
treated group showed significantly elevated levels of serum 
MDA, TNF-α, 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-
7]. Utilization of ketamine over long period of time can cause 
liver damage in a way that causes cholestasis. Moreover, people 

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.
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Materials and Methods.
Reagents and chemicals: Ketamine HCl (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-α) 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 

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- 
α and IL-6).

Inflammatory responses were evaluated by measuring serum 
levels of inflammatory cytokines (IL-6 &TNF-α). 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.

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-α 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.

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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Figure 4. Hepatoprotective effects of low dose palmitoleic acid against ketamine insult. Group I (control), Group II (160mg.kg-1), Group III 
(palmitoleic acid-only), Group IV (palmitoleic acid 100mg.kg-1+ ketamine), and group V (palmitoleic acid 300mg.kg-1+ ketamine). H & E(100x) 
sections of Group I show intact hepatocytes with organized structure and normal liver architecture, ketamine-group (Group II) 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 III shows intact hepatocytes with organized structure (black 

arrow), central vein (green arrow), and portal area (blue arrow). Group IV; 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, 100µm.

Figure 5. Hepatoprotective effects of high dose palmitoleic acid against ketamine insult. Group I (control), Group II (160mg.kg-1), Group III 
(palmitoleic acid-only), Group IV (palmitoleic acid 100mg·kg⁻¹+ ketamine), and group V (palmitoleic acid 300 mg·kg⁻¹+ 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, 
100µm.
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Histopathological findings.
Both Groups I & III 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 

Groups MDA (ng\ml)
Group I (negative control) 55.92±7.03
Group II Ketamine(160mg/kg/day) (positive control) 76.67±10.22
Group III Palmitoleic acid only(300mg/kg/day) 56.77±6.48
Group IV Palmitoleic acid(100mg/kg/day) +Ketamine (160mg/kg/day) 62.38±8.20
Group V Palmitoleic acid(300mg/kg/day) +Ketamine (160mg/kg/day) 57.86±6.01

Table 1. Malondialdehyde (MDA) levels among the study groups.

Groups TNF-α (ng/L) IL-6 (ng/L)
Group I (negative control) 29.05±6.25 22.17±4.16
Group II Ketamine(160mg/kg/day) (positive control) 44.47±6.74 36.33±6.67
Group III Palmitoleic acid only(300mg/kg/day) 30.5±4.5 23.49±2.39
Group IV Palmitoleic acid(100mg/kg/day) +Ketamine (160mg/kg/day) 35.02±7.18 26.97±6.1
Group V Palmitoleic acid(300mg/kg/day) +Ketamine (160mg/kg/day) 31.89±3.29 23.82±4.06

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

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-α), 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, decrease 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-α, 
IL-6) is promoted in the presence of a high level of reactive 
oxygen species (ROS) that can activate NF-κB 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].     
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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- α 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 

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-α and IL-6), and enhanced 
histological architecture. The greatest consistent benefit came 
from the largest dose of palmitoleic acid.

REFERENCES
1. Allison R, Guraka A, Shawa IT, et al. Drug induced liver injury 
– a 2023 update. Journal of Toxicology and Environmental 
Health, Part B. 2023;26:442-467.
2. Fontana RJ, Liou I, Adrian R, et al. AASLD practice guidance 
on drug, herbal, and dietary supplement–induced liver injury. 
Hepatology. 2023;77:1036-1065.
3. Villanueva-Paz M, Morán L, López-Alcántara N, et al. 
Oxidative Stress in Drug-Induced Liver Injury (DILI): From 
Mechanisms to Biomarkers for Use in Clinical Practice. 
Antioxidants. 2021;10:390.
4. Cichoż-Lach H. Oxidative stress as a crucial factor in liver 
diseases. World J Gastroenterol. 2014;20:8082.
5. Domino EF, Warner DS. Taming the Ketamine Tiger. 
Anesthesiology. 2010;113:678-684.
6. Li L, Vlisides PE. Ketamine: 50 Years of Modulating the 
Mind. Front Hum Neurosci. 2016;10.
7. Zanos P, Moaddel R, Morris PJ, et al. Ketamine and 
Ketamine Metabolite Pharmacology: Insights into Therapeutic 
Mechanisms. Pharmacol Rev. 2018;70:621-660.
8. Wendel-Garcia PD, Erlebach R, Hofmaenner DA, et al. 
Long-term ketamine infusion-induced cholestatic liver injury in 
COVID-19-associated acute respiratory distress syndrome. Crit 
Care. 2022;26:148.
9. De Tymowski C, Dépret F, Dudoignon E, et al. Ketamine 
restriction correlates with reduced cholestatic liver injury and 
improved outcomes in critically ill patients with burn injury. 
JHEP Reports. 2024;6:100950.
10. Bedir Z, Ozkaloglu Erdem KT, Ates I, et al. Effects of 
ketamine, thiopental and their combination on the rat liver: A 
biochemical evaluation. Advances in Clinical and Experimental 
Medicine. 2021;31:285-292.



261

11. Bermúdez MA, Meana C, Garrido A, et al. 
Phosphatidylcholine-bound palmitoleic acid: A bioactive 
key to unlocking macrophage anti-inflammatory functions. 
Biomedicine & Pharmacotherapy. 2025;192:118652.
12. Sahoo PK, Ravi A, Liu B, et al. Palmitoleate protects against 
lipopolysaccharide-induced inflammation and inflammasome 
activity. J Lipid Res. 2024;65:100672.
13. Souza CO, Teixeira AAS, Biondo LA, et al. Palmitoleic acid 
reduces high fat diet-induced liver inflammation by promoting 
PPAR-γ-independent M2a polarization of myeloid cells. 
Biochimica et Biophysica Acta (BBA) - Molecular and Cell 
Biology of Lipids. 2020;1865:158776.
14. Han Q, Liu Y, Liu X, et al. Palmitoleic Acid Inhibits 
Hepatotoxic Effects by Reducing Trimethylamine-N-Oxide 
(TMAO) Formation in High L-Carnitine-Treated Mice. 
Nutrients. 2024;16:3599.
15. Wang H, Shan C, Guo G, et al. Therapeutic potential 
of palmitoleic acid in non-alcoholic fatty liver disease: 
Targeting ferroptosis and lipid metabolism disorders. Int 
Immunopharmacol. 2024;142:113025.
16. Andrade RJ, Aithal GP. EASL Clinical Practice Guidelines: 
Drug-induced liver injury. J Hepatol. 2019;70:1222-1261.
17. Danan G, Teschke R. RUCAM in Drug and Herb Induced 
Liver Injury: The Update. International Journal of Molecular 
Sciences. 2016;17:14.
18. Mallet V, Bock K. Intravenous ketamine and progressive 
cholangiopathy in COVID-19 patients. J Hepatol. 2021;74:1243-4.
19. Garkusha LK, Lin Z, Lee A. A case series of recreational 
ketamine-induced cholangiopathy. Annals of Internal Medicine: 
Clinical Cases. 2024;3:e230993. 
20. Dinis-Oliveira RJ. Metabolism and metabolomics of 
ketamine: a toxicological approach. Forensic Sci Res. 2017;2:2-
10.
21. Sies H. Oxidative Stress: Concept and Some Practical 
Aspects. Antioxidants. 2020;9:852.
22. Jaeschke H, Ramachandran A. Ferroptosis and Intrinsic 
Drug-induced Liver Injury by Acetaminophen and Other Drugs: 
A Critical Evaluation and Historical Perspective. J Clin Transl 
Hepatol. 2024;12:1057-1066.

23. Ayala A, Muñoz MF, Argüelles S. Lipid Peroxidation: 
Production, Metabolism, and Signaling Mechanisms of 
Malondialdehyde and 4-Hydroxy-2-Nonenal. Oxid Med Cell 
Longev. 2014;2014:1-31.
24. Lawrence T. The Nuclear Factor NF- B Pathway 
in Inflammation. Cold Spring Harb Perspect Biol. 
2009;1:a001651-a001651.
25. Bermúdez MA, Pereira L, Fraile C, et al. Roles of Palmitoleic 
Acid and Its Positional Isomers, Hypogeic and Sapienic Acids, 
in Inflammation, Metabolic Diseases and Cancer. Cells. 
2022;11:2146.
26. Cao H, Gerhold K, Mayers JR, et al. Identification of a 
Lipokine, a Lipid Hormone Linking Adipose Tissue to Systemic 
Metabolism. Cell. 2008;134:933-944.
27. Chan KL, Pillon NJ, Sivaloganathan DM, et al. Palmitoleate 
Reverses High Fat-induced Proinflammatory Macrophage 
Polarization via AMP-activated Protein Kinase (AMPK). 
Journal of Biological Chemistry. 2015;290:16979-88.
28. Del Rio D, Stewart AJ, Pellegrini N. A review of recent 
studies on malondialdehyde as toxic molecule and biological 
marker of oxidative stress. Nutrition, Metabolism and 
Cardiovascular Diseases. 2005;15:316-28. 
29. Zhou J, Zheng Q, Chen Z. The Nrf2 Pathway in Liver 
Diseases. Front Cell Dev Biol. 2022;10.
30. Ma Q. Role of Nrf2 in Oxidative Stress and Toxicity. Annu 
Rev Pharmacol Toxicol. 2013;53:401-426.
31. Tamargo J, Tamargo M. Pharmacokinetics and safety profile 
of omega-3 polyunsaturated fatty acids. Omega-3 Fatty Acids: 
Keys to Nutritional Health. 2016:541-84.
32. Hasan M. Hasan, Zeina A. Al-Thanoon, Marwan M. Merkhan. 
Therapeutic potential of omega-7 in mitigating doxorubicin-
induced hepatotoxicity in albino rats. 2MEDICINSKI 
ČASOPIS. 2026;60:1-10.
33. Fadhel M, Faris Hassan A. Anti-inflammatory effect of 
omega-7 against doxorubicin-induced cardiotoxicity in male 
rats: An observational study. F1000Research. 2023;12:36.
34. Fadhel M, Ali F Hassan. Protective Effect of Omega-7 
against Doxorubicin-Induced Cardiotoxicity in Male Rats. IJPS. 
2023;32:35-40.


	Title

